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During the last few decades significant progress has been made in the area of 
supramolecular polymers, where monomers are held together by non-covalent interactions. In 
particular, the formation of macromolecular assemblies by employing a metal-ion induced self-
assembly process in solution is of significant interest. These supramolecular metallo-polymers 
combine common features of traditional covalently-bound polymers with the unique 
characteristics introduced by metal ions. So far, the research in this area has mainly focused on 
the metal-induced self-assembly of d-block metals and ditopic tridentate organic ligands. The 
overall aim of this project was to extend the knowledge in this area to Ln(III)-containing soluble 
supramolecular metallo-polymers and to study their overall photophysical properties. 
The introduction chapter gives an overview of the basic principles of lanthanide 
photophysics as well as brief explanations of the methods used in this thesis. Furthermore, some 
literature examples of soluble coordination polymers are presented. 
Chapter two describes the synthesis of new substituted pybox ligands and their 
complexation to various Ln(III) metal ions. The aim of the chapter was to establish a trend 
between the ligand triplet state energies and the quantum yield of the Eu(III) and Tb(III) 
complexes. 
Chapter three focusses on the preparation of coordination polymers by a self-assembly 
process in solution between Ln(III) metal ions and ditopic pybox ligands. One ligand was found 
to result in high Eu(III) emission yields of up to 73% as well as a unique dynamic behaviour in 
solution. Other ligands prepared showed a quenching mechanism such as energy-back transfer 
to the ligand triplet state which was further investigated by transient absorption spectroscopy. 
In chapter four the solution phase self-assembly between Eu(III) and a rigid ditopic 
tridentate terpyridine ligand which results in the formation of supramolecular metallo-networks 
in the solid state is described. Depending on the ligand to metal ratio used, the morphology of 
these materials can be altered from one-dimensional micron-sized fibres to a three-dimensional 
coordination network. The terpyridine-based ditopic ligand can act as an efficient sensitizer for 
Eu(III) emission whereby the emission lifetimes and ligand triplet state energies of the metallo-
polymers strongly depend on the ligand to metal ratio. The obtained micron-sized fibres can act 
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1.1 Photophysics of lanthanides 
 
1.1.1 Electronic configuration 
 
The electronic configuration of lanthanides can be written as [Xe]4fn6s2. Exceptions are 
lanthanum ([Xe]5d16s2), gadolinium ([Xe]4f75d16s2) and lutetium ([Xe]4f145d16s2) which are 
preferred due to the stability of half and fully filled shells. The most common oxidation state of 
lanthanides is +III which results from the loss of two 6s and one 4f electrons. For europium the 
+II state is also possible due to the stability of the half-filled f-orbitals. The 4f orbitals are 
commonly referred to as “inner orbitals” due to the shielding by the xenon core (in particular 
by the larger radial expansion of the 5s26p6 electrons). As a result the 4f electrons do not fully 
participate in the formation of covalent bonds as ligand field interactions are minimal. Instead 
ionic interactions are predominant. The characterisation of energy levels can be performed by 




L represents the total orbital angular momentum quantum number, S the total spin momentum 
quantum number, and J the total angular momentum quantum number. From the term symbols 
the ground state of Ln(III) metal ions can be determined using Hund’s rules. For the two most 
used Ln(III) ions in this thesis, Eu(III) and Tb(III), the ground state is 7F0 for Eu(III) and 7F6 
for Tb(III). Ln(III) ions consist of several terms whereby each term represents a different energy 
level. The energy level splitting for Eu(III) as well as energy diagram of Ln(III) ions are 
represented in Figure 1.1. The largest separation is due to electron repulsion where the 4f 
electrons split into the (2S+1)L terms. This split can reach values up to 104 cm-1. Spin-orbit 
coupling results in a further split representing the J quantum numbers. In a ligand field an 
additional split into sublevels (crystal field splitting or Stark splitting) can occur due to 
electrostatic interactions between the electric field of the ligand and the 4f electrons. Compared 
to d-d transitions of transition metals, the ligand field splitting of lanthanides is very small and 
amounts only to 102 cm-1. The amount of sub-levels (or Stark levels) depends on the site 
symmetry around the Ln(III) metal ions.1 Individual peaks for the sub-levels can only be 






Figure 1.1: Representation of the energy level splitting for Eu(III) metal ions (left) and 
energy level diagrams for Ln(III) metal ions (right) (Figures were taken from references2,3). 
 
1.1.2 f-f Transitions 
 
Promotion of an electron into an orbital located at a higher energy occurs by the absorption of 
a photon. These electronic transitions are linked to the nature of the electromagnetic radiation 
by the odd-parity electric dipole (ED) operator and the even-parity magnetic dipole (MD) 
operator, whereby the stronger interaction occurs with the ED operator. According to the 
Laporte selection rule electric dipole transitions can only occur between levels with opposite 
parity and as a result f-f transitions are parity forbidden by the electric-dipole mechanism. For 
free Ln(III) ions, which only exist theoretically, only MD transitions would be observable since 
all other transitions are forbidden. Due to the allowed nature of MD transition they are 
independent of the symmetry around the Ln(III) metal ions but their intensity is, compared to 
ED transitions, much lower.4 The Eu(III) 5D0 → 7F1 emission line is one example for a purely 
MD transition. In Ln(III) coordination compounds, non-centrosymmetric interactions 
introduced by the ligand-field can lead to softening of the ED selection rules by a mixing of 
opposite parity electronic states.5 As a result transitions which are normally forbidden by the 
ED mechanism can become partially allowed and are referred to as induced (or forced) ED 






Table 1.1: Selection rules and relative intensities (Irel) for electric dipole (ED) and magnetic 
dipole (MD) transitions.6 
Transition Parity ∆S ǀ∆Lǀ ǀ∆Jǀ Irel 
ED 4f-4f5d opposite 0 ≤1(a) ≤1(c) 0.01-1 
Forced ED 4f-4f same 0 ≤6(a),(b) ≤6(c),(d) 10-4 
MD 4f-4f same 0 0 ≤1(c) 10-6 
(a)L=0 ↔L’=0 forbidden. (b)2, 4, 6 if L or L’=0. (c)J=0 ↔J’=0 forbidden. (d)2, 4, 6 if J or J’=0. 
 
The intensity of forced ED transitions can be very sensitive to the strength of the ligand field. 
Strong interaction between the Ln(III) ions and the ligand can lead to relatively intense forced 
ED transitions. Some transitions are called “hypersensitive transitions” due to their strong 
ligand field intensity dependence.4 The Eu(III) 5D0 → 7F2 emission line is one example of such 
a hypersensitive transition. Not all emission lines of Ln(III) ions are purely ED or MD 
transitions and some can be regarded as a mixture of both. For instance the emission lines of 
Tb(III) are mixed ED and MD transitions and as a result it is relatively difficult to obtain 
structural information from Tb(III) emission spectra.7 
 




Extinction coefficients for trivalent lanthanide cations  (ε = 1-10 M-1cm-1) are small due to the 
Laporte forbidden f-f transitions.8 As a result the direct excitation of lanthanide ions does not 
result in an efficient absorption of light. One way to overcome that problem is to sensitize 
lanthanide emission by the incorporation of chromophores that will act as an “antenna”. Usually 
these chromophores are organic compounds which can efficiently absorb light in the UV-
regions with high extinction coefficients (ε = 104-105 M-1cm-1). The overall energy transfer 
mechanism can be outlined by the following. In a first step light is absorbed by the chromophore 
(usually an organic ligand around the Ln(III) metal centres) which then reaches an excited 
singlet state. In a second step, energy is transferred to a donor state, which is usually the ligand 
triplet state, by intersystem crossing (ISC). It should be noted that energy transfer can also be 
transferred to other donor states such as ligand ILCT states which can act in a similar way to 
sensitize lanthanide emission.9,10 From the ligand donor state, energy is then transferred to the 





sensitization effect can be described as a mechanism where the absorption is ligand-centred 
while emission is Ln(III)-centred. As a result lanthanide emission displays large wavelength 
shifts between absorption and emission which can be denoted as ligand-induced Stokes shifts.6 
In the literature this is commonly misunderstood and mistaken with the normal Stokes shift that 
occurs between the maxima of absorption and emission of the same electronic transition.11 
Stokes shifts of lanthanide ions are very small, which is a direct result of the shielding of the f-
electrons.12 Based on the location of the antenna molecules, the energy transfer mechanism can 
be differentiated between inter- and intra-molecular sensitization. Intra-molecular sensitization 
takes place when the antenna is attached directly to the lanthanide ions.13 Inter-molecular 
sensitization arises through antennas which are covalently bonded to another chelating ligand.14 
Two mechanisms have been described as a possible explanation for the energy transfer from 
the triplet state to the Ln(III) metal ions (Figure 1.2).  
 
 
Figure 1.2: Schematic representation of the Dexter (top) and Förster (bottom) energy transfer 
mechanism (Figure was taken from reference15). 
 
The Dexter mechanism is based on an electron exchange which requires an orbital overlap 
between the antenna chromophore and the Ln(III) ions.16 The Förster mechanism involves a 
coupling between the dipole moment of the triplet state and the f-orbitals.17 The determining 





and the antenna. The Dexter mechanism is more likely to explain the energy transfer mechanism 
for short distances (30 – 50 pm) with significant orbital overlap. On the other hand, the Förster 
mechanism is able to occur for much longer distances (up to around 1000 pm).15 As a result the 
energy transfer mechanism where organic chromophores are used as emission sensitizers is 
more likely to be explained by a Förster mechanism,18 while the Dexter mechanism occurs by 
sensitization through antennas bearing transition metals.19 
 
Significance of the triplet state 
 
The location of the triplet state energy of the antenna molecules plays a crucial role in the 
overall energy transfer mechanism to the Ln(III) metal ions. If the triplet state energy is located 
at much higher energies than the Ln(III) receiving states, an incomplete energy transfer might 
occur. If the triplet state energy is located at a value close to the Ln(III) receiving states, energy 
back transfer might occur which quenches the Ln(III) luminescence.20 An idealized energy 
difference between the Ln(III) receiving states and the triplet state energy should be between 
2500 cm-1 and 5500 cm-1 in order to minimize the above mentioned effects.21 An example of 
the influence of the location of the ligand triplet state energies of Eu(III) β-diketonate 
complexes on the quantum yield can be found in Figure 1.3.22  
 
 
Figure 1.3: Relationship between the triplet state energy of β-diketonates and the Eu(III) 
quantum yield (Figure was taken from reference15). 
 
It was found that the highest quantum yields were obtained for samples with a ligand triplet 
state energy located about 3700 cm-1 above the Eu(III) 5D0 state. For ligands with lower triplet 





which quenched the Eu(III) emission. In this thesis the ligand triplet state energies were 
determined from the phosphorescence spectra of the  Gd(III) complexes for which no energy 
transfer to the Gd(III) metal ion can occur.23 For all Ln(III) compounds reported herein an 
energy transfer mechanism via the ligand triplet state was assumed. Therefore the location of 
the ligand triplet state was used to explain the photophysical findings and to underline potential 
quenching mechanisms such as energy back transfer from the Eu(III) and Tb(III) excited states 
to the ligand triplet state. 
 
Significance of the singlet state 
 
Although the majority of energy transfer mechanisms occurring in luminescent Ln(III) 
compounds can sufficiently be described by the singlet-triplet-Ln(III) pathway, in some cases 
a direct singlet-Ln(III) mechanism exists. The reason that this mechanism is much less reported 
might lie in the short lifetime of singlet states and that their involvement in the overall energy 
transfer mechanism requires spectroscopic techniques with a high time resolution. Furthermore, 
the singlet and triplet pathway can occur simultaneously and the individual contributions are 
difficult to differentiate.24 The involvement of a singlet-Ln(III) energy transfer has been shown 
















Figure 1.4: Energy level diagram showing the singlet-Ln(III) energy transfer mechanism for 
the Eu(III) complex of a dipyrazoyl-triazine ligand  (Figure taken from reference25). 
 
The ligand has a singlet state energy located at around 24600 cm-1. Time-resolved experiments 





range than the initial rise time of the Eu(III) 5D1 state. In case of a single triplet pathway no rise 
time of the Eu(III) 5D1 transitions can be observed because energy transfer from the triplet states 
is significantly faster than from the singlet states.26 In this thesis the energy transfer mechanism 
was always considered to be a singlet-triplet-Ln(III) mechanism due to the unavailability of 
time-resolved spectroscopic equipment with a resolution higher than a few nano-seconds. 
However, for all compounds reported in this thesis a potential direct involvement of the singlet 
state in the overall energy transfer mechanism cannot be ruled out. 
 
1.1.4 Excited state lifetimes and non-radiative quenching 
 
Luminescent lanthanide ions such as Eu(III) and Tb(III) have relatively long emission decay 
times, which are usually found to be in the ms range, due to the forbidden nature of the f-f 
transitions.27 The emission decay times of luminescent Ln(III) complexes can be obtained using 
time-resolved emission spectroscopy. The Ln(III) excited state emission decay times can be 
seen as a function of the radiative luminescence lifetime and the sum of various non-radiative 
deactivation processes, whereby krad and knr denote the radiative- and non-radiative rate 
constants (Equation 1.1).15 
 
1
 =   =  
	




From the radiative rate constant, the radiative lifetime (τrad), which represents the theoretical 
lifetime in the absence of non-radiative deactivation processes, can be obtained.26 In the case 
of Eu(III) compounds, the radiative lifetime can empirically be calculated from the overall 
emission spectrum which will be described later on.28 The typical radiative lifetime for Eu(III) 
coordination compounds was found to be around 3 ms.29 From the observed and radiative 
lifetimes the intrinsic quantum yield, which represents the quantum yield of the Ln(III) emission 
upon direct excitation of the metal ions, can be obtained (Equation 1.2).30 
 
 =  
	










Compared to the overall quantum yield, which also takes into account the efficiency of the 
ligand sensitization mechanism, the intrinsic quantum yield represents the extent of non-
radiative deactivations by the inner- and outer-coordination sphere around the Ln(III) metal 
ions. As a result, the value of the intrinsic quantum yield would be 100% if no non-radiative 
deactivation processes occur. Non-radiative processes include vibrational quenching by O-H 
vibrations which arise through the coordination of water molecules to the Ln(III) metal 
centres.31 Next to O-H vibrations, other vibrations such as amide N-H and methylene C-H 
vibrations located at the coordinated ligand are also known to quench Ln(III) emission.32,33 A 
common further non-radiative quenching mechanism is energy-back transfer from the Ln(III) 
metal ions to the ligand triplet state, which becomes important to consider when the triplet state 
energy lies close the Ln(III) receiving states.34,35 
 
Quenching by O-H vibrations 
 
In 1963 Kropp and Windsor reported that the emission intensity of Eu(III) and Tb(III) salts can 
be increased by dissolving them in deuterated water instead of water.36 Based on further 
experiments it was found that this luminescence quenching arises from high-energy water O-H 
vibrations whereby both water in the inner and outer-coordination sphere contributed to the 
overall quenching.37 The overtones of water O-H oscillators are located at slightly lower 
energies than the 5D0 and 5D4 excited states of Eu(III) and Tb(III) respectively. For Tb(III) a 
higher vibrational overtone is needed and therefore this quenching phenomenon is less likely 
to occur.38 Based on the assumption that O-D oscillators show less quenching due to the lower 
energy overlap with Ln(III) ions, the hydration state of Ln(III) metal ions can be assessed. In 
1979 Horrock’s developed an empirical formula that allowed the determination of coordinated 
water molecules (q) from emission decay times measurements in water and deuterated water.31 
Based on further experiments these formulas have been improved and the commonly used 
expressions are represented by Equation 1.3 for Eu(III) and 1.4 for Tb(III).33 
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The values inside the brackets represent correction factors which take into account quenching 
by closely diffusing outer-sphere water molecules. Since some Ln(III) complexes are not water 
soluble, these equations have been adapted for methanol. This is based on the assumption that 
the quenching of methanol (one O-H group) is half of that observed by water (two O-H groups). 
The equations for the measurements in methanol and deuterated methanol are represented by 
Equation 1.5 for Eu(III) and 1.6 for Tb(III).39 
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However, before applying these equations some restrictions must be considered. First of all the 
calculations are only valid if all other non-radiative deactivation pathways next to the O-H 
quenching are the same in water as in deuterated water. Secondly, it must be ensured that water 
quenching is the most prominent non-radiative deactivation process. The existence of other 
quenching mechanisms, such as energy back transfer, next to the water quenching results in 
unreliable results. This is especially the case for Tb(III) coordination compounds.40 Therefore 
it can be assumed that Tb(III) is less sensitive to quenching by O-H vibrations than Eu(III).3 
This is most likely the result of the larger energy gap between the Tb(III) 5D4 excited state and 
the ground state. In this thesis the number of coordinated water molecules (q) for the Eu(III)-
containing coordination compounds were measured in methanol and deuterated methanol using 
the equations shown above. For the ditopic ligands described in Chapter 3, the decay times were 
measured in a solvent mixture of chloroform and (deuterated) methanol due to the insolubility 
of the ligand in polar solvents. Since this procedure has not been established or reported before 
the effect of the solvent mixture might have an influence on the calculated values for q. 
However, , the difference between the decay measurements in methanol and deuterated 
methanol represents the extent of non-radiative quenching by water present in the samples.  
 
Quenching by energy back transfer 
 
Next to vibrational quenching, energy back transfer from the Ln(III) excited states to the ligand 





intensity. This quenching mechanism is predominant for ligands with close the Ln(III) receiving 
states lying triplet state energies. Tb(III) is especially subjective to such a quenching due its 5D4 
state which is located at higher energy than Eu(III) 5D0. However, energy back transfer can also 
be observed for Eu(III) compounds. Figure 1.5 gives an example for a pyrene-containing Eu(III) 





Figure 1.5: Energy transfer mechanism between a pyrene complex and Eu(III) metal ions 
(Figure was taken from reference42). 
 
It is well known that phosphorescence originating from triplet states is quenched by oxygen 
diffusion.43 In the case of ligands with a suitable energy difference between the Eu(III) 5D0 state 
and the triplet state, the energy transfer from the triplet state is fast and irreversible. As a result 
the emission intensity and decay times do not depend on the oxygen concentration in solution. 
If an energy-back transfer occurs, this process might become reversible and therefore the 
oxygen concentration can become a determining factor for the Eu(III) emission properties.44 
The observed rate constant (kobs) can then be expressed by Equation 1.7, 
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where kf and kb represent the energy forward and back transfer rates between the triplet state 
and the Eu(III) 5D0 state, kEu the rate of the lanthanide emission and kq[O2] the rate of collisional 
oxygen quenching. It should be noted that this equation can only be used if an equilibrium 





described in Figure 1.5, the Eu(III) emission decay times are found to be different in aerated 
and degassed solutions. This indicates that in degassed solutions the second term for the oxygen 
quenching can be ignored whereby the observed rate constant becomes smaller. In Chapter 3 a 
similar energy back transfer between the ligand DitopicPyboxBiPh and the Eu(III) 5D1 state 
will be discussed. Compared to the example discussed herein, the emission decay times of the 
ditopic ligand did not show any dependence on the oxygen concentration. This might be a result 
of the much shorter, compared to the Eu(III) 5D0 transitions, emission decay times for 
transitions originating from the Eu(III) 5D1 state, which become rate-determining over the 
oxygen diffusion. However, the example herein illustrates that equilibrium states between 
triplet states and Eu(III) excited states exist which can be transferred to the findings described 
in Chapter 3. 
 
1.1.5 Ln(III) emission spectra 
 
Except for La(III) and Lu(III), all Ln(III) ions display luminescence whereby their characteristic 
f-f transition cover the entire spectrum.45 As stated before, 4f orbitals are shielded and are 
therefore not found to be actively participating in the formation of covalent bonds. In fact the 
degree of covalency between Ln(III) metal ions and organic ligands is only found to be around 
5 – 7%.38 As a result lanthanide absorption lines appear to be sharp due to the fact that the 
promotion of a 4f electron into a 4f orbital of higher energy does not result in a change of the 
binding pattern (the same concept can be applied to lanthanide emission lines which also appear 
as sharp peaks).15 For the emission of light through f-f transitions, the selection rules for the 
(forced) electric dipole or magnetic dipole mechanisms detailed in Table 1.1 apply. In this thesis 
the focus was laid on emission from Eu(III) and Tb(III) metal ions due their characteristic red 
and green luminescent properties.46 The characteristic emission lines of these two lanthanide 
ions will therefore be discussed in more detail. 
 
Eu(III) 5D0 → 7FJ transitions 
 
The most common Eu(III) emission arises by excitation from a suitable antenna attached to the 
metal and consecutive energy transfer to the Eu(III) 5D0 state. The typical 5D0 → 7FJ (J = 0 – 4) 





Eu(III) emission spectrum originating from the 5D0 state for a furanyl-pybox ligand described 
in Chapter 2 is illustrated in Figure 1.6.  
 
 
Figure 1.6: Eu(III) 5D0 → 7FJ (J = 0 – 4) emission spectrum for a furanyl-pybox complex 
described in Chapter 2 (measured in acetonitrile). 
 
The overall relative quantum yield of the Eu(III)-containing compounds was obtained by 
integrating over all five transitions using Cs3[Eu(dpa)3] as reference due to the similar location 
of the narrow emission lines.48,49 In general Eu(III) offers the advantage that a range of 
conclusions can be obtained from the overall shape of the transitions which gives a more 
detailed insight of the coordination environment around the Eu(III) metal centres as well as the 
overall energy transfer mechanism. The 5D0 → 7F0 transition is forbidden by both the electric 
and magnetic dipole mechanism.30 The occurrence of this transition can be attributed to a 
mixing of states with different J quantum numbers (J-mixing)50 which is caused by the chemical 
environment around the Eu(III) metal ions.51 Therefore, the presence of a single symmetrical 
5D0 → 7F0 transition indicates that only one major species is present in solution.40 This is 
especially true if at the same time a splitting pattern can be observed for the other 5D0 → 7FJ (J 
= 1 – 4) transitions.52 Furthermore, the 5D0 → 7F0 transition is only allowed in point groups 
without an inversion centre.6 As a result its presence also suggests that the Eu(III) metal ions 
are located at a non-centrosymmetric site.53 Differences in the site symmetry around the Eu(III) 
metal ions can also be calculated from the intensity ratios (R) of the emission lines 
corresponding to the 5D0 → 7F2 and 5D0 → 7F1 transitions.6 The 5D0 → 7F1 transition is an 
allowed magnetic dipole symmetry independent transition which does not depend on the 
coordination environment around the Eu(III) metal centres.54 In comparison the hypersensitive 
5D0 → 7F2 transition is an induced electric dipole transition and its intensity is symmetry 





symmetry around the Eu(III) metal ions is lowered,56 whereby decreasing symmetry refers to a 
reduction of point group operations. Another important parameter obtainable from the Eu(III) 
emission spectra is the ligand sensitization efficiency (ηsens), which can be regarded as the 
efficiency of the energy transfer from the ligand to the Eu(III) metal ions.57 The ligand 
sensitization efficiency can be calculated from the overall and the intrinsic quantum yield 
according to Equation 1.8. 
 




For the overall quantum yield, the relative quantum yield which can be obtained by comparing 
the emission intensity to a reference can be used. The intrinsic quantum yield can be calculated 
from the observed and radiative lifetime according to Equation 1.2 described before. While the 
observed lifetime can be directly measured, the radiative lifetime cannot be directly assessed 
from the emission spectrum. Instead an empirical formula shown by Equation 1.9 can be 
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In the formula AMD,0 represents the spontaneous emission probability of the 5D0 → 7F1 transition 
which is equal to 14.65 s-1. Itot is the corrected emission intensity integrated over all observable 
transition peaks. IMD is the integrated emission intensity of the 5D0 → 7F1 magnetic dipole 
transition only. Since the equation for the radiative lifetime involves a symmetry dependant 
intensity ratio, it can be expected that the radiative lifetime depends on the coordination 
environment around the Ln(III) metal centres.58,59 For all Eu(III) complexes described in 
Chapter 2 as well as for the Eu(III)-containing coordination polymers described in Chapter 3, 
the relative quantum yields and emission decay times were measured. The ligand sensitization 
efficiencies were calculated by the above mentioned formula and were used to estimate the 









Eu(III) 5D1 → 7FJ transitions 
 
Next to emission from the 5D0 state, Eu(III) emission can also be observed from the 5D1 state.60 
Due to the fact that these transitions are in the µs range compared to the ms emission decay 
times for the 5D0 transitions, time-gated emission spectroscopy needs to be applied in order to 
factor out the predominant 5D0 → 7FJ transition peaks. The Eu(III) 5D1 state (19020 cm-1)61 is 
located around 1800 cm-1 higher than the Eu(III) 5D0 state (17200 cm-1)62 and in order to achieve 
a population of this state a reasonably high ligand triplet state energy is needed. Figure 1.7 
shows a representative example of an Eu(III) emission spectrum recorded with a time delay of 
100 ns and a time gate of 500 ns for a furanyl-pybox Eu(III) complex described in Chapter 2. 
 
 
Figure 1.7: Eu(III) 5D1 → 7FJ (J = 0 – 3) emission spectrum for a furanyl-pybox complex 
described in Chapter 2 (recorded using a time delay of 100 ns and time gate of 500 ns) 
(measured in acetonitrile). 
 
The 5D1 → 7FJ (J = 0 – 3) transitions are located at 526, 536, 556 and 584 nm respectively.63 
Figure 1.8 shows the corresponding emission decay times of the 5D1 → 7FJ (J = 1 – 3) transitions 
as well as the 5D0 → 7F2 rise time measured under the same time gate. The emission decay times 
for the transitions originating from the 5D1 level are all in a similar range which is reasonable 
as they originate from the same excited Eu(III) state. Interestingly the rise time of the 5D0 → 
7F2 transition is also in a similar range than the 5D1 → 7FJ  emission decay times, indicating that 
the Eu(III) 5D0 state is partly populated by the 5D1 state.64 For ligands with triplet state energies 
located above the Eu(III) 5D1 and for which no energy back transfer can occur, the majority of 
the Eu(III) 5D0 population arises from the 5D1 state. This is due to the fact that energy transfer 
rates from the ligand triplet state to the Eu(III) 5D1 state are up to twenty times higher than to 






Figure 1.8: Eu(III) 5D1 → 7FJ (J = 1 – 3) emission decay times and 5D1 → 7F2 emission rise 
time of a furanyl-pybox complex described in Chapter 2 (measured in acetonitrile). 
 
In this thesis the Eu(III) 5D1 → 7FJ emission decay times were measured for all Eu(III)-
containing compounds. Their value was mainly used to identify possible energy back transfer 
mechanisms from the Eu(III) 5D1 state to ligand triplet state which resulted in a quenching of 
the Eu(III) 5D1 state and a shortening of the 5D1 emission decay times. For the sample in which 
such a quenching pathway was not present no shortening of the Eu(III) 5D1 emission decay 
times was observed. 
 
Tb(III) 5D4 → 7FJ transitions 
 
Compared to the red emission of Eu(III), Tb(III) displays a bright green emission upon 
coordination to an appropriate antenna.65,66 The emitting Tb(III) 5D4 state (20490 cm-1)67 is 
located around 3300 cm-1 higher than the Eu(III) 5D0 state (17200 cm-1)62. As a result ligands 
with a suitable triplet state energy for a transfer to Eu(III) might be less efficient for a transfer 
to Tb(III).  A representative example of a Tb(III) emission spectrum for a furanyl-pybox ligand 
described in Chapter 2 is illustrated in Figure 1.9. The typical Tb(III) 5D4 → 7FJ (J = 6 – 2) 
emission lines are located at 490, 544, 582, 621, and 646 nm respectively.68 The relative 
quantum yield for the Tb(III) reported in this thesis were measured against Cs3[Tb(dpa)3].48 
Compared to Eu(III) emission spectra, less information can be obtained from Tb(III) emission 
spectra. The Tb(III) 5D4 → 7F5 transition can be regarded as a pseudo-hypersensitive 
transition.69 However, compared to Eu(III) emission spectra, Tb(III) emission spectra do not 
show a strong dependency on the site symmetry around the metal ions. As a result next to 








Figure 1.9: Tb(III) 5D4 → 7FJ (J = 6 – 3) emission spectrum for a furanyl-pybox complex 
described in Chapter 2 (measured in acetonitrile). 
 
1.1.6 Applications of lanthanide luminescence 
 
Current and potential applications of luminescent lanthanide ions are mainly found in the area 
of optical materials.70 One commercial application represents the use of luminescent lanthanide 
ions in lamp phosphors.71 One of the first fluorescent lamps available for white light generation 
contained three rare-earth activated phosphors (Eu(III)-activated Y2O3 for red emission, 
Tb(III)-activated CeMgAl11O19 for green emission and Eu(II)-activated BaMgAl10O17 for blue 
emission).72 Lanthanide ions can be further used as electroluminescent materials for 
applications in organic light emitting diodes (OLEDs).73 The use of organic dyes or organic 
polymers as emitting materials in OLEDs usually results in broad emission spectra which makes 
a fine-tuning of the colour difficult to achieve. This problem can be overcome by using 
luminescent Ln(III) ions due to their narrow emission bands. Furthermore, internal quantum 
efficiencies of devices using fluorescent emitting materials might be limited to around 25% due 
to deactivation processes by the triplet state.74 The first red electroluminescent device was 
reported in 1991 based on a Eu(tta)3 (tta = thenoyltrifluoroacetone) complex.75 An example for 
a green electroluminescent device contained an Tb(acac)3 (acac = acetylacetonate) complex.76 
Other applications of luminescent lanthanide ions are within the area of medical imaging,77 or 






1.2 Spectroscopic instrumentation  
 
1.2.1 Principles of fluorescence and phosphorescence 
 
The absorption of light by the ground state of an organic molecule (S0) can lead to the promotion 
of an electron to an excited singlet state (Sn). This process usually occurs between the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of 
an organic fluorophore and only takes place if the excitation light is of suitable energy. 
According to the Frank-Condon-Principle, this electronic transition is accompanied by a change 
of the vibrational energy level. Fluorescence occurs from the lowest excited singlet state (S1) 
back to the ground state (S0). In organic fluorophores, fluorescence usually appears to be broad 
and is located at higher wavelengths than the excitation light (Stokes shift). This is a result of a 
lengthening of the chemical bond during the excitation process and the strong coupling with 
vibrational energy levels. Since fluorescence is a spin-allowed transition it occurs in a nano-
second time frame. Next to fluorescence to S0, the excited S1 state can also undergo intersystem 
crossing (ISC) to reach a triplet state (T1). This process usually occurs in the presence of a 
heavy atom. From the triplet state depopulation to the S0 can occur via phosphorescence. As 
this transition is spin-forbidden it occurs at a much longer timescale of milli-seconds up to 




Figure 1.10: Jablonski diagram illustrating the time frames for each step taking place during 





In this thesis fluorescence and phosphorescence spectra are of special interest. Figure 1.11 gives 
a representative example of the absorption, fluorescence and phosphorescence spectrum of a 
substituted-pybox Gd(III) complex reported in Chapter 2. Fluorescence spectra were mostly 
used herein to determine the singlet state energy of a ligand from the overlap between the 
absorption and fluorescence spectrum.80 The phosphorescence spectra for all ligands reported 
in this thesis were obtained from the Gd(III) complexes at 77 K. From the phosphorescence 
spectra the ligand triplet state energies were obtained by Gaussian peak fitting whereby the 
peak located at the lowest wavelength was taken as the triplet state. 
 
 
Figure 1.11: Representative example for absorption, fluorescence and phosphorescence 
spectra of the Gd(III) complex of PyboxCF3 described in Chapter 2. 
 
1.2.2 Time-gated emission spectroscopy 
 
Time-gated spectroscopy is an especially useful technique to characterise the emission of 
luminescent Ln(III) metal ions.81 For some Ln(III) luminescent complexes the energy transfer 
from the ligand singlet to the triplet state is not completely efficient and as a result ligand 
fluorescence can be observed next to the Ln(III) emission.82 Time-gated emission spectroscopy 
offers the possibility to separate the ligand fluorescence from the Ln(III) emission by applying 
a time-delay that is higher than the nano-second fluorescence emission time. Another 
application of time-gated spectroscopy is the separation of the Eu(III) emission lines originating 





shows the Eu(III) 5D0 → 7FJ emission lines due to their long ms range decay times. Lowering 
the time gate result in the appearance of further transitions which can be identified as the 5D1 
→ 7FJ emission lines. Time-gated emission maps allow the determination of the emission decay 
times of these transitions (Figure 1.12). 
 
 
Figure 1.12: Representative time-gated emission map for the Eu(III) 5D1 → 7FJ (J = 0 – 3) 
transitions measured between time delays of 100 ns and 10 µs with a time gate of 500 ns. 
 
In this thesis the emission decay times of the Eu(III) 5D1 → 7FJ transitions were used to identify 
potential energy back-transfer quenching mechanisms between the ligand triplet state and the 
Eu(III) 5D1 states. It should be noted that these transitions are rarely reported in the literature 
due to the need of sophisticated time-gated spectroscopy equipment in order to obtain reliable 
information. 
 
1.2.3 Transient-absorption spectroscopy 
 
Transient absorption spectroscopy (TSA) is a technique based on time-resolved emission 
techniques. However, transient absorption spectra allow the identification of non-emissive 
states such as triplet states. TSA measures the absorbance of a sample before and after excitation. 
During a typical TSA experiment used herein, a laser pump pulse was used to excite the sample 
followed by a delayed absorbance measurement using a probe light source. The TSA spectra 
were obtained by subtraction of absorbance spectra measured without the laser excitation with 
the absorbance spectra after the pump. If a transient species is present the subtracted spectra 
usually contain two areas. The first negative signal belongs to the ground state bleaching. The 





the transient state. Measuring TSA spectra at different time-delays allows the determination of 
the decay time of the transient signal as well as the rise-time of the ground-state bleaching 
(Figure 1.13). If the energy transfer process to the transient state occurs via the initial excited 
state, then the rise and decay times of the ground-state bleaching and the transient signal should 
be of the same order of magnitude which is also represented through the presence of an 
isosbestic point.  
 
 
Figure 1.13: Transient absorption map recorded between time delays of 50 ns and 2 µs for 
the DitopicPyboxPh Gd(III) sample in a ligand to metal ratio of 1.5:1 described in Chapter 3. 
 
In this thesis transient absorption spectra were recorded for the soluble Gd(III)- and Eu(III)-
containing coordination polymers of ditopic pybox ligands discussed in Chapter 3. For all 
Gd(III) samples, TSA spectra showed signals corresponding to the ground-state bleaching and 
the transient species. Furthermore, the rise and decay times were found to be dependent on the 
oxygen concentration. Therefore it was concluded that the transient species belongs to the triplet 
state of the ligands. For the Eu(III)-containing samples the presence of a transient signal was 
used to identify possible energy-back transfer mechanism from the Eu(III) excited states to the 









1.3 Luminescent lanthanide complexes with tridentate nitrogen-
based ligands 
 
Ln(III) ions display high coordination numbers (up to 12) due to their large size.83 Most 
commonly coordination numbers of 8 or 9 have been observed. Ln(III) ions usually form labile 
complexes that can undergo rapid ligand exchange mechanisms. As a result the most stable 
complexes have been observed with multidentate chelating ligands.84 Furthermore, Ln(III) ions 
are hard Lewis acids and coordination with hard donors such as oxygen and nitrogen is 
favoured.85 Tridentate ligands achieve special interest in the formation of stable Ln(III) 
complexes due to the fact that up to three ligands can coordinate to the metal centres which then 
fully saturate the metal coordination sphere. As a result the direct coordination of water to the 
metal can be suppressed, reducing the effect of water quenching and enhancing the emission 
intensity. In this thesis, the tridentate NNN-coordinating ligands pybox and terpyridine have 
been used for the formation of Ln(III) coordination compounds. Some examples of previous 
reported complexes will be given in the following. Further examples of other tridentate ligands 
will be given at the beginning of Chapter 2. 
 
1.3.1 Pybox-containing Ln(III) complexes 
 
Pybox (pyridine-bis(oxazoline)), an example for a tridentate NNN-coordinating ligand, is able 
to form highly luminescent Ln(III) complexes.86 Before pybox ligands were used for the 
coordination to Ln(III) metal ions, they were known as ligands in transition metal complexes 
for use in asymmetric catalysis.87 Example structures of pybox ligands that were used for the 
complexation to Ln(III) ions are shown in Figure 1.14. Up to three pybox ligands can coordinate 
around one Ln(III) metal ion, whereby the coordination sphere is saturated. The 3:1 complexes 
of Eu(III) and Tb(III) show bright red and green luminescence in solution as well as in the solid 
state upon UV-excitation. Furthermore it was found that the photophysical properties can be 
tuned by ligand substitution in the para-position of the central pyridine ring, whereby electron-
withdrawing groups result in an improved quantum yield presumably due to a lowering of the 
triplet state energy.86 The introduction of a thiophene group on the pybox ligand (ThPybox) led 









Figure 1.14: Representation of previously reported Pybox ligands (left) and crystal structure 
of the 3:1 ligand to metal [Tb(pybox)3]3+ complex (right) (Figure, ligand structures and 
nomenclature were taken from references86,88). 
 
Next to a tuning of the triplet state, ligand substitution was also used to prepare a water soluble 
pybox ligand.89 The ligand can be used as a sensitizer for a range of different Ln(III) metal ions 
and the resulting luminescent complex cover a broad spectral range within the visible and near-
IR region (Figure 1.15). The water solubility of these Ln(III) complexes facilitates their usage 
in biotechnological applications. 
 
 
Figure 1.15: Structure of a water-soluble pybox ligand and emission spectra of the 





The results from the literature showed that pybox ligands are promising candidates for the 
preparation of highly luminescent Ln(III)-containing materials. However, based on the 
published results it is still not clear what exactly determines the photophysical properties when 
different substituents are introduced. Chapter 2 of this thesis focusses on the preparation of new 
pybox-substituted ligands and the consequent complexation to Ln(III) metal ions. The overall 
aim was to find a relationship between the triplet state energy of the ligands and the quantum 
yields of the Eu(III) and Tb(III) complexes. The results for the thiophene pybox ligand from 
the literature were repeated herein because it is questionable whether one ligand can result in 
high quantum yields for Eu(III) and Tb(III) at the same time. 
 
1.3.2 Terpyridine-containing Ln(III) complexes 
 
Among NNN-tridentate ligands, terpyridine (terpy) is one of the most used for the complexation 
to Ln(III) metal ions. However, compared to the pybox ligand, the stability of the 3:1 ligand to 
metal complexes in solution is lower resulting in different ligand conformations upon 
complexation.90 The uncoordinated terpyridine ligand in non-polar solvents possesses a trans-
trans confirmation, while the cis-cis conformation can be observed in polar solvents due to the 
stabilization by inter-molecular hydrogen bonds (Figure 1.16).91 
 
 
Figure 1.16: Adoptable conformations of the terpyridine ligand in solution. 
 
When Ln(III) nitrate salts are used for the complexation, the 1:1 ligand to metal 
[Ln(terpy)(NO3)3] species is dominant in solution due to the coordination of bidentate nitrate 
ions which prevent further coordination of tridentate terpy ligands.92,93,94 On the other hand, the 
3:1 ligand to metal species [Ln(terpy)3]3+ can be obtained in anhydrous acetonitrile using Ln(III) 
perchlorate salts whereby the terpyridine ligand is an cis-cis confirmation.95,96 Furthermore, no 
solvent molecules or perchlorate counter ions are coordinated to the metal centres, which has 
been shown through the crystal structure of [Eu(terpy)3][ClO4]3.97 The terpyridine ligand is also 
able to coordinate in a bidentate or monodentate way which has been observed if water was 





partial and dynamic decomplexation of pyridine rings can occur even for the ligand saturated 
[Ln(terpy)3]3+ complexes.99 The instability of a 3:1 pyrrole-terpyridine complex in polar 
solvents was recently used for the preparation of a solvent responsive Eu(III) complex (Figure 
1.17).100 The complex showed bright red luminescence in non-polar solvents while the emission 
was nearly completely quenched in polar solvents. 
 
 
Figure 1.17: Room-temperature emission spectra of an Eu(III) pyrrole-terpyridine complex in 
non-polar and polar solvents (Figure was taken from reference100). 
 
Quantum yields for Ln(III) terpyridine complexes are usually quite low. For instance, the 
unsubstituted terpyridine ligand only shows quantum yields of 1.3% for [Eu(terpy)3]3+ and 4.7% 
for [Tb(terpy)3]3+.48 Higher quantum yields of 10% for Eu(III) and 67% for Tb(III) were 
achieved by the introduction of tert-butyl groups onto the 4-position of the central pyridine ring, 
presumably due to changes of the triplet state energy.101 In a recent example, terpyridine Ln(III) 




Figure 1.18: Chemical structures of hetero-bimetallic and hetero-trimetallic d/f complexes 





Next to Ln(III) ions a Ru(II)-bis-terpyridine moiety was incorporated. It was found that 
sensitization of the Ln(III) emission can either occur via the ligand triplet states or a triplet 
metal-to-ligand charge transfer (3MLCT) state introduced by the Ru(II) complex. The location 
of the emission depended on the Ln(III) metal ions used and could range from the visible 
(Eu(III)) to the near-infrared (Nd(III) and Yb(III)) region. 
 
1.4 Soluble dynamic coordination polymers 
 
Soluble coordination polymers fall within the area of supramolecular polymers, where small 
molecules are linked together by weak and reversible non-covalent bonds.103 These non-
covalent interactions can range from hydrogen bonding,104,105, π-π stacking,106, van der Waals 
forces,107 hydrophobic interactions108 to halogen bonding.109 Applications of supramolecular 
polymers include the usage as photoluminescent,110,111 or self-healing materials,112,113 or within 
the biomedical area.114,115 Metal-coordination is another non-covalent interaction suitable for 
the preparation of supramolecular polymers. The so-formed coordination polymers are built-up 
by coordinative bonds between metal ions and ligands where the interaction between a Lewis-
acid (electron acceptor) and Lewis-base (electron-donor) results in the formation of a dative 
bond.116 One subset of coordination polymers are metal-organic-frameworks (MOFs). It is 
noteworthy that compared to coordination polymers, which are one-dimensional straight chain 
polymers, MOFs are considered as three-dimensional infinite coordination networks.117 118 
Furthermore, coordination polymers can form polymeric and oligomeric structures in solution 
while MOFs in general only form macromolecular networks in the solid state due to their weak 
binding constants.119 An important feature of coordination polymers is that they display both 
the mechanical properties of traditional organic polymers and the specific characteristics of 
coordination compounds. Due to the metal-ions, coordination polymers with unusual properties, 
such as magnetism,120,121 metallic conduction,122,123 non-linear optics,124,125 ferroelectrics,126,127 
and catalytic activity,128 can be prepared. In fact, the main advantage of coordination polymers 
lies in the large amount of different accessible metal-ions and ligands that can be used to 
specifically tune chemical and physical properties as well as the morphology. This can result in 








1.4.1 Metal-induced self-assembly 
 
The formation of dynamic supramolecular coordination polymers via a metal-induced self-
assembly process in solution achieved special interest in recent years.129 In this approach the 
reversibility of the coordinative interaction results in the formation of a dynamic system 
whereby the polymerization degree depends on the experimental conditions. A typical solution-
phase self-assembly process is outlined in Figure 1.19. A suitable ligand system usually consists 
of coordinating ligand sites that are covalently connected by a spacer. The majority of reported 
soluble coordination polymers uses ditopic tridentate ligands with two coordinating sites.130 
However, also tritopic ligands have been reported.131 Suitable metal ions are either transition 
metals or lanthanide metal ions, or a combination of both. The highest molecular weight 
coordination polymers in solution were obtained with transition metals that can coordinate two 
tridentate ditopic ligands in an octahedral environment. This arrangements possesses a one-
dimensional polymeric chain morphology and other arrangement that would lower the degree 
of the polymerization, such as rings, are suppressed. In comparison, lanthanide ions on the other 
side display, due to their higher coordination number that allows the coordination of more than 
two ligands, a two-dimensional network morphology.132 
 
 
Figure 1.19: Representation for the formation of soluble coordination polymers by a metal-





Next to the coordination sites and the choice of the metal ion, the spacer which connects the 
coordinating sites is the third factor determining the self-assembly process. In order to achieve 
a high degree of polymerization, rigid spacers should be used which favour one-dimensional 
chain coordination polymer formation. These types of spacers usually contain one or several 
phenyl rings. One drawback of rigid aromatic ring containing spacers is their low solubility due 
to the possibility of π-stacking which can lead to complete insolubility or precipitation before 
the formation of higher molecular weight polymers is achieved.133 However, if ligand solubility 
issues can be overcome, the degree of polymerization of soluble dynamic coordination 
polymers mainly depends on the thermodynamic (binding strength) and kinetic (ligand 
exchange rates) properties. According to the kinetic features of the metal ions, soluble 
coordination polymers can be divided into kinetically inert and kinetically stable. Kinetically 
inert coordination polymers are stable in solution and usually contain third row transition metals 
such as Pt, Pd and Ru. These metals usually exhibit substitution inertness provided by slow 
ligand exchange rates and as a result these polymers lack dynamic behaviour due to the 
nonexistence of an equilibrium system.134 Kinetically labile coordination polymers are usually 
formed with first row transition metals. For these metals self-assembly can occur at ambient 
temperature. Furthermore, due to the faster ligand exchange rates the coordinative bonds are 
found to exist in an equilibrium state where a constant breaking and re-coordination occurs.119 
Regarding the thermodynamic aspects of the coordination polymer formation, the stability 
constant (K) of the coordinative bond between the metals and the ligand must be sufficiently 
high to hold the polymer together in solution. In case of coordination polymers where two 
ditopic ligands are coordinated to one metal ion, the polymer growth comprises two steps. The 
binding constants for each step can be written individually as shown below, where [L], [M], 
[ML] and [ML2] represent the concentrations of the uncoordinated ditopic ligand and metal 




56 =  )78+)7+)8+ 
 
 






Due to the fact that the second step represents the growth of the coordination polymers, it is of 
advantage if the second binding constant is larger than the first one. In fact the dependence of 
the chain length on the binding constants (which are dependent on the solvent, temperature and 
concentrations), is one of the main differences between supramolecular coordination polymers 
and covalently bound polymers.136 For dynamic coordination polymers, the dependency of K 
on the degree of polymerization (DP) was found to follow Equation 1.10.137 
 
9: ~ (5)7+)6/ (1.10) 
 
For instance, for a sample in a concentration of 1 mM and a binding constant of 105 M-1, short 
oligomers with DP of 10 would be achievable. An increase of the binding constant to 107 M-1 
on the other hand would result in the formation of a coordination polymer with a DP of 100.103 
The majority of ligands used are neutral and as a result the coordination with positively charged 
metal ions result in the formation of polyelectrolytes. These multiple positively charged 
coordination polymers, where the counter ions hold the negative charge, are soluble in polar 
solvents in which the solvent molecules can compete with the organic ligands to coordinate to 
the metal ions.138 However, since most ditopic ligands possess multidentate coordination sites, 
the binding constants of the ligands usually exceeds the binding constants of solvent molecules. 
 
1.4.2 Transition metal coordination polymers 
 
Influence of ligand to metal ratio 
 
The molecular weight of coordination polymers in solution can be computed by identifying the 
average number of repeating units.139 The computation of a Fe(II)-containing coordination 
polymer with a ditopic terpyridine ligand showed that the average number of repeat units <n> 
strongly depends on the metal to ligand ratio used (y) for the self-assembly process as well as 
on the concentration (Figure 1.20).135 The highest molecular weights are achieved at an equal 
metal to ligand ratio of 1:1, which is expected considering the linear structure of the polymers. 
Deviations from this equal ratio results in a sharp decrease of the molecular weight whereby 
the use of an excess of metal ions (y > 1) seems to preserve some of the polymeric structure 







Figure 1.20: Average number of repeat units <n> as a function of different metal to ligand 
ratios (y) and concentrations (left: (a) 10-3 M; (b) 10-4 M; (c) 10-5 M) and molecular weight 
concentration dependency (right) (Figures were taken from reference119). 
 
Next to the ligand to metal ratio the molecular weight also depends on the concentration. If the 
ideal equal metal to ligand ratio is used (y = 1), an exponential growth of the molecular weight 
with an increase of the concentration can be observed. On the other hand, if one of the 
components is an excess (y ≠ 1), the increase of the molecular weight stops at the point where 
the minor component is fully coordinated. Furthermore a plateau region is reached when the 
concentration is increased. However, these models were based on theoretical calculations. Two 
ways to experimentally investigate the dependence of the molecular weight on the metal to 
ligand ratio during the self-assembly are conductivity and viscosity measurements (Figure 1.21). 
 
 
Figure 1.21: Conductivity (left) and viscosity (right) measurements during a titration of 
ditopic terpyridine-based ligands against transition metal ions (Figures were taken from 
references140,141). 
 
Conductivity measurements were performed with a ditopic terpyridine ligand titrated with 
different transition metal acetates.140 Upon metal ion addition coordination to the ligand takes 





above 1:1, the conductivity increases again due to the presence of an excess of metal ions. 
Therefore the point where the conductivity reaches its minimum can be considered as the metal 
to ligand ratio where chain length of the coordination polymer is maximized. Measurements of 
the dependency of the viscosity on the metal to ligand ratio came to a similar conclusion.141,142 
Upon metal addition to a solution containing a terpyridine-based ditopic ligand the relative 
viscosity increases until a maximum is reached at the point where the metal to ligand ratio 
becomes 1:1. Further addition of metal led to a decrease of the relative viscosity. These results 
are consistent with the formation of a coordination polymer via a self-assembly process in 
solution upon a metal to ligand ratio of 1:1, followed by a disassembly process when an excess 
of metal ions is present. 
 
Examples of kinetically inert coordination polymers 
 
Coordination polymers based on Ru(II), Os(II) or Ir(III) are regarded as kinetically inert. They 
do not show a dynamic behaviour due to their slow ligand exchange reactions and are therefore 
not in an equilibrium state. An advantage of these stable coordination polymers is that they can 
be characterized by a variety of techniques which can also be used for traditional covalent 
polymers, for instance by size-exclusion chromatography.143 Most examples of inert 
coordination polymers in solution are based on a ditopic terpyridine ligand which can form 
stable complexes with a variety of different transition metals.144 The first example of a soluble 
terpyridine coordination polymer was based on Ru(II) and was reported by Constable in 
1992.145,146 This approach was later further refined by a fine-tuning of the ligand by extending 
the length of the spacer and introduction of functional groups on the terpyridine coordinating 
sites (Figure 1.22).147 
 
 
Figure 1.22: Representation of the formation of soluble Ru(II) coordination polymers using 






The effect of the ligand substitution also influenced the optical properties of the coordination 
polymers whereby electron-rich OMe groups resulted in a red- and electron-deficient Br groups 
in a slight blue-shift of the absorption bands. Another example of a ditopic terpyridine Ru(II) 




Figure 1.23: Representation of the formation of Ru(II)-containing bis-terpyridine 
coordination polymers via two different pathways (Figure was taken from reference129). 
 
The first approach is the stepwise coordination of the ligand to the metal ions in a similar way 
to that in the previous example. The second approach uses a Pd-catalyzed polymerization 
process between a diboronic acid and a Ru(II) complex bearing two brominated terpyridine 
ligands.148 However, the second approach only resulted in the formation of shorter oligomers 
while high molar mass polymers were only achieved via the first route. Due to the positively 
charged metal ions, these coordination polymers are also a polyelectrolyte. In case of rigid rod-
shaped coordination polymers, the negatively charged counter ions were found to be preferably 







Examples of kinetically labile coordination polymers 
 
Kinetically labile coordination polymers are based on weak metal-ligand bonds which can be 
found with metal ions such as Fe(II), Zn(II), Co(II) or Ln(III). Due to their dynamic nature, 
where ligand exchange reactions constantly occur, these polymers are considered as 
equilibrium coordination polymers in solution. One common issue of dynamic coordination 
polymers is that these equilibria can be dependent on the experimental conditions such as 
concentration, solvent molecules, pH or ionic strength of the solution which makes their 
characterization difficult to achieve. Rehan et al. reported the well-defined solution-phase 
coordination polymers based on kinetically labile metal-coordination bonds using a bis-
bidentate phenanthroline ligand and Cu(I) metal ions (Figure 1.24).150 
 
 
Figure 1.24: Representation by Rehan et al. of a kinetically labile Cu(I) coordination 
polymer150 (Figure was taken from reference135). 
 
The coordination polymer was assumed to undergo decomposition by dis-assembly through 
solvent coordination to the metal ions. Therefore the formation of macromolecules was only 
achieved in non-polar solvents such as 1,1,2,2-tetrachloroethane. Solubility in non-polar 
solvents was further increased by the introduction of alkyl chains on the ligand spacer which 
separated the coordination sites. The addition of polar solvents like water, acetonitrile or 
pyridine led to a breakdown into aggregates with lower molecular weight. The degree of 
polymerization of the Cu(I) coordination polymer was determined by NMR titrations and found 
to be above 20. The usage of bidentate phenanthroline ligands was recently further extended by 
the preparation of metallo-supramolecular Ni(II)-containing polymers which show dynamic 
humidity-sensing conductivity properties.151,152 One of the most widely used ligand systems for 





coordination moieties. The preparation of metallo-supramolecular polyelectrolytes (MEPEs) 
using this type of ligand can be carried out with Fe(II), Co(II) or Zn(II).153,147 Based on the 
choice of metal and through ligand modification, colour modification of the MEPEs covering 
the whole visible area can be obtained. Recent studies further showed that the rate constants for 
the complexation reactions with ditopic terpyridine ligands increases in the order Ni(II) < Co(II) 
< Fe(II).154 Due to polyelectrolyte properties, the MEPEs can also form layered structures with 
anionic polymers via a further self-assembly process.155 Furthermore, the addition of 
amphiphilic negatively charged surfactants can replace the counter ions of the MEPEs resulting 
in the formation of polyelectrolyte-amphiphile complexes (PAC).156,157 Figure 1.25 shows an 
example of a PAC containing Fe(II)-containing MEPEs surrounded by dehexadecyl phosphate 
(DHP).158 The PAC displayed spin-crossover properties upon heating which is due to a 
deformation of the coordination geometry. As a result the ligand-field strength is reduced and 
the conversion from a low-spin to a high-spin configuration can occur. 
 
 
Figure 1.25: Representation of PAC formation from Fe(II)-containing MEPEs with DHP and 
spin-crossover upon heating (Figures were taken from reference158). 
 
Among the different transition metal ions used for the complexation with terpyridine ligands, 
the stability of the Zn(II) complexes exhibited a good balance between the reversibility of the 
coordination and the stability of the complexes,159 which makes Zn(II) especially suitable for 
the preparation of dynamic coordination polymers. Figure 1.26 gives examples of soluble 
Zn(II)-containing coordination polymers based on terpyridine ligands which are connected by 
a variety of different conjugated spacers.160 The formation of the polymers in solution was 
investigated by NMR, viscosity and electrochemical experiments. The coordination polymers 
exhibited blue electroluminescence which makes them promising materials for the further use 






Figure 1.26: Representation of soluble Zn(II)-containing coordination polymers based on 
terpyridine ligands and various conjugated spacers (Structures were taken from reference160). 
 
This study was further extended by using different conjugated spacers whereby the Zn(II) 
coordination polymers showed blue emission with quantum yields of up to 23%.161 Furthermore, 
the electroluminescent emission could be further tuned into the green region.162 All in all these 
studies showed that next to the choice of coordination site and metal ions, the usage of 
difference spacers can significantly influence the overall properties of the coordination 
polymers. Next to terpyridine, 2,6-bis(1’-methylbenzimidazolyl)-pyridine (MeBIP) is another 
nitrogen-based tridentate ligand that can also be used for the preparation of soluble dynamic 
coordination polymers. Figure 1.27 shows an example of a ditopic MeBIP ligand with a 1,4-
diethynylbenzene spacer that was used for the preparation of soluble Zn(II) coordination 
polymers.163 The formation of coordination polymers in solution was investigated by UV-vis 
absorption spectroscopy. Upon metal coordination the absorption spectrum of the ligand 
experiences a red shift which can be used to monitor the effect of the metal to ligand ratio during 
titration with Zn(II) ions. The intensity of the red shift (423 nm) increases up to a ligand to 
metal ratio of 1:1 and remains constant for higher metal to ligand to metal ratios. This indicates 
that the maximum metal to ligand ratio is, as expected, 1:1 where two ligands are coordinated 
to one Zn(II) metal ion. For metal to ligand ratios higher than 1:1, spectral changes were 
observed at around 317 nm which indicates that depolymerisation occurs and the species where 
two metals are coordinated to one ligand is favoured. Instead of rigid conjugated spacers, 







Figure 1.27: Absorption spectra of titrations a ditopic MeBIP ligand against Zn(ClO4)2 metal 
ions for metal to ligand ratios between 0 – 1 (left) and 1 – 2 (right) (Figures were taken from 
reference163). 
 
In a recent example, a ditopic MeBIP ligand with a poly(ethylene-co-butylene) spacer was 
coordinated with Zn(II) to form soluble coordination polymers.164 The resulting materials 
showed stimuli-responsive disassembly and reassembly when heat or UV-light was applied and 
were proposed for usage as supramolecular adhesives (Figure 1.28). 
 
Figure 1.28: Representation of the stimuli-responsive disassembly and reassembly for a 
flexible ditopic MeBIP Zn(II) coordination polymer upon heat or UV-irradiation (Figure was 
taken from reference164). 
 
On the other hand, if the chain length of the flexible spacer is decreased by using penta(ethylene 
glycole) as spacer, no polymer formation could be observed anymore and the formation of ring 
type structures becomes more favourable.165 Next to one-dimensional linear soluble 
coordination polymers, two- or three-dimensional structures are achievable by tailoring of the 
ligand shape. Figure 1.29 represents a sophisticated example of a supramolecular 





dimensional “spoked-wheel” macromolecules C2 was obtained through the self-assembly of 
six tridentate tridentate ligands R3, one hexadentate ligand S6 and 12 Zn(II) metal ions. On the 
other hand the use of tridentate ligands S3 and R3 (in a ratio of 6:2) with 12 Zn(II) metal ions 
resulted in the formation of the three-dimensional “spoked-wheel” assembly C1. This example 
shows the scope of coordination polymers and multitopic ligands towards complex 
macromolecular architectures through self-assembly. 
 
 
Figure 1.29: Formation of „spoked-wheel“ supramolecular architectures using tritopic and 
hexatopic terpyridine ligands (Figure was taken from reference166). 
 
Further examples of kinetically labile transition metal coordination polymers will be given in 
the introduction of Chapter 4. Soluble coordination polymers with Ln(III) metal ions represent 
another category of kinetically labile compounds.167 However, next to transition metals, Ln(III) 
coordination polymers in solution have been considerably less studied. Examples of reported 






1.5 Aims of the thesis 
 
The overall aim of this thesis is the formation of Ln(III) coordination compounds based 
on tridentate pybox and terpyridine ligands. Throughout the thesis the focus was laid on Eu(III) 
and Tb(III) metal ions and the study of their photophysical properties such as emission decay 
times and relative quantum yields. However, each of the three results chapters in this thesis 
focused on different ligand systems. 
In chapter two Ln(III) complexes of monotopic pybox ligands were prepared. The 
overall aim of this chapter was to study the correlation between the ligand triplet state energy 
and the relative quantum yields of the Eu(III) and Tb(III) complexes. It has been shown in the 
literature before that electron-withdrawing groups result in a lowering of the triplet state energy 
and a consequent improvement of the energy transfer process to the Ln(III) metal ions. To 
further study this phenomenon the first aim was to prepare a range of different pybox ligands. 
Changes of the triplet state energy were achieved by ligand substitution in the para-position of 
the centre pybox pyridine ring. 
Chapter three focuses on the preparation of soluble dynamic coordination Ln(III)-
containing coordination polymers via a ligand induced self-assembly process in solution. For 
that the results from chapter two were taken as foundation to synthesize a new class of rigid 
ditopic pybox ligands. The photophysical properties were mainly studied for Eu(III) metal ions. 
However, other metal ions such as La(III) and Gd(III) for NMR and phosphorescence 
measurements were initially planned to be used as well. Furthermore, different spacers were 
planned to be incorporated into the ditopic ligands with the goal to achieve a further 
improvement of the photophysical properties of the Eu(III) coordination polymers. The self-
assembly process in solution was planned to be monitored by the preparation of samples in 
different ligand to metal ratios, whereby each sample was investigated separately. The potential 
dynamic behaviour in solution was further planned to be investigated by the replacement of the 
Eu(III) metal ions with other lanthanides. 
Chapter four focuses on the formation of Ln(III)-containing coordination polymers 
based on a previously reported ditopic terpyridine ligand in the solid state. The overall aim of 
the chapter was to achieve a controllable morphology by adjustments of the ligand to metal 
ratio during the self-assembly process in solution. Next to the photophysical characterisation it 
was further initially planned to employ different microscopic techniques for the morphological 
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Tuning of the triplet state energy of new highly 








A variety of different ligands is suitable for the preparation of luminescent lanthanide 
complexes.1,2 Terdentate ligands with three coordinating sites are especially useful because they 
can coordinate to all nine coordination sites around Ln(III) metal centres and form complexes 
which do not require other co-ligands.3,4 One example of a tridentate ligand is dipicolinic acid 
(dpa) which can form negatively charged Ln(III) complexes where three ligands are coordinated 
to one metal ion (Figure 2.1).5,6,7 
 
 
Figure 2.1: Photophysical properties of dipicolinic acid Ln(III) complexes.5 
 
In order to be able to coordinate to Ln(III) metal ions, a base must be used during the synthesis 
to deprotonate the carboxylic acid groups. The ligand triplet state energy was determined from 
the Gd(III) complexes to be around 24272 cm-1.8 The quantum yield of the Eu(III) metal 
complex is around  relatively low (14%), which is mainly a result of the large energy difference 
(7012 cm-1) between the Eu(III) excited states and the ligand triplet state. Due to this large 
energy difference, the efficiency of the energy transfer process from the triplet state to the Eu(III) 
metal centres is reduced.9 The overall quantum yield of the comparable Tb(III) complex is 
slightly higher (around 27%) due to the more suitable energy difference between the ligand 
triplet state and the Tb(III) 5D4 excited state (3772 cm-1). 
 
 
Figure 2.2: Photophysical properties of terpyridine Ln(III) complexes.10 
 
An example of a neutral nitrogen-based tridentate ligand is terpyridine (Figure 2.2). The ligand 
triplet state was determined from the Gd(III) 3:1 ligand to metal complexes and was found to 





transfer to Eu(III), the obtained quantum yield was measured to be only around 1%.11 In 
comparison the obtained quantum yield for the corresponding Tb(III) complex was found to be 
around 5%.12 These low values indicate that the triplet state might not be the only parameter 
which determines the quantum yield of Ln(III) complexes. For the terpyridine ligand quenching 
of the Ln(III) excited states by C-H vibrations located on the pyridine ring might be one 
explanation. It should also be noted that Ln(III) complexes of terpyridine are not stable in their 
3:1 ligand to metal species which might be due to the large six-membered pyridine rings.  
 
 
Figure 2.3: Photophysical properties of substituted pybox Ln(III) complexes.13,14 
 
Another example for a neutral nitrogen-based tridentate ligand is pyridine-bis-oxazoline (pybox) 
(Figure 2.3). Compared to terpyridine, the pybox ligand can form stable complexes in a 3:1 
ligand to metal ratio in solution as well as in the solid state.15 According to the literature, the 
unsubstituted pybox ligand shows a triplet state energy of around 25000 cm-1 with Eu(III) and 
Tb(III) quantum yields of 25.6% and 23.2% respectively.13 If an electron-donating group such 
as OMe was introduced into the para-position of the centre pyridine ring, an increase of the 
triplet state to around 26000 cm-1 was noticeable. However, this increase and the resulting less 
efficient energy transfer from the triplet state to the Eu(III) excited states only resulted in a 
minor decrease of the overall quantum yields for Eu(III) and Tb(III). On the other hand the 
ligand pyboxBr displayed a lower triplet state yield (around 23600 cm-1) than the unsubstituted 
pybox ligand, indicating that electron-withdrawing groups result in a lowering of the ligand 
HOMO-LUMO gap as well as triplet state energy. Due to the more efficient energy gap between 
the triplet state and the Eu(III) excited states the overall quantum yield slightly increased to 
about 36%. However, the changes of the triplet state energies as well as the overall quantum 





change of the photophysical properties was obtained when a thiophene ring was placed into the 
para-position of the pyridine ring.14 The increased conjugation of the ligand led to a triplet state 
energy of around 21000 cm-1. As a result the triplet state and Eu(III) 5D0 energy difference is 
around 3700 cm-1 and in a good range for an efficient energy transfer and high Eu(III) quantum 
yields of around 76% were obtained. Interestingly the quantum yields obtained for the Tb(III) 
complex are around 59% and also relatively high. As the Tb(III) excited 5D4 state is located at 
around 20500 cm-1 the energy difference to the ligand triplet state would only be 500 cm-1 which 
makes quenching of the metal centred emission by energy back transfer to the triplet state 
possible. Therefore it is questionable whether the value for the Tb(III) quantum yield is correct. 
To investigate that phenomenon and to confirm the literature findings, the thiophene ligand and 
the photophysical properties of its Ln(III) complexes were also measured in this chapter.  
 
 
Figure 2.4: Photophysical properties of substituted pyrazole-pyridine-tetrazole Ln(III) 
complexes.16 
 
All these Ln(III) complexes are, depending on the ligand, either positively or negatively 
charged. The tridentate-nitrogen pyrazole-pyridine-tetrazole ligand is an example of a ligand 
which can form nitrogen based charge-neutral lanthanide complexes (Figure 2.4).16 The triplet 
state energy of the unsubstituted ligand (R = H) was obtained from the corresponding Gd(III) 
complexes and was found to be around 23900 cm-1. In comparison, the carboxylic acid methyl 
ester substituted ligand (R = COOMe) displayed a triplet state energy of around 23000 cm-1, 
indicating that electron-withdrawing groups in the para-position of the pyridine ring resulted 
in a lowering of the HOMO-LUMO gap and as a consequence also in a lowering of the triplet 
state energy. The effect of the triplet state energy of both ligands was investigated by measuring 
the photophysical properties of the Eu(III) and Tb(III) complexes. The total Eu(III) quantum 
yields were found to be around 12% for the unsubstituted ligand (R= H) and around 19% for 
the ester substituted ligand (R = COOMe). The relatively low quantum yields can be explained 





states (6690 cm-1 for R = H; 5760 cm-1 for R = COOMe) which prevents an efficient energy 
transfer from the ligand to the Eu(III) metal ions. The slightly higher quantum yield of the ester 
substituted ligand is in agreement with a more suitable ligand triplet state – Eu(III) excited state 
energy difference which also resulted in a higher ligand sensitization efficiency (around 66% 
for R = COOMe) than the unsubstituted ligand (around 20% for R = H). On the other hand the 
ligand triplet state energies are more suitable for the sensitization of Tb(III) metal ions due to 
the higher receiving metal excited states than for Eu(III) and as a result slightly higher quantum 
yields were obtained for the corresponding Tb(III) complexes. 
 
 
Figure 2.5: Correlation of the ligand triplet state energy and Eu(III) quantum yield for Schiff 
base complexes (triangles) and β-diketonate complexes (squares) (Figure was taken from 
reference17). 
 
All examples of the above mentioned ligands show that the location of the triplet state 
determines whether an efficient energy transfer from the ligand triplet to the Ln(III) receiving 
excited states takes place. However, when substitution effects for one ligand are considered, a 
correlation for the influence of the triplet state on the Ln(III) photophysical properties is 
difficult to establish. This is due to the fact that the location of the triplet state is not the only 
parameter which influences overall physical properties such as quantum yields or emission 
decay times. Figure 2.5 gives an example for established relationships between the ligand, the 
triplet state energy and the overall quantum yields of the Eu(III) complexes. In case of the Schiff 
base complexes the highest quantum yields were obtained if the triplet state is located closely 
to the energy level of the Eu(III) 5D0 state.18 On the other hand, the results for the β-diketonates 





overall energy transfer mechanism depends on the type of ligand used. However, both curves 
show a decline in the Eu(III) quantum yield if the triplet state is located at much higher energies 
than the metal excited states showing that no efficient energy transfer process can occur. 
 
2.2 Aims of the chapter 
 
The aim of this project is the synthesis of new monotopic pybox ligands and the consequent 
complexation to various Ln(III) metal ions. The synthesized ligands were all substituted in the 
para-position of the central pybox pyridine ring. Figure 2.6 gives an overview of the ligands 
synthesized in this chapter.  
 
 
Figure 2.6: Overview of the substituted pybox-ligands synthesized and used for the 








The synthesized ligands can be divided into three groups. The first group comprises the standard 
unsubstituted pybox ligand, the standard phenyl-derivatized ligand as well as four heteroaryl-
substituted ligands. The ligand Pybox3Th has already been reported and was included herein 
to confirm the literature findings.14 Due to the promising findings for that ligand, it was 
reasonable to extend the pybox heteroaryl family to see if a further improvement of the Ln(III) 
photophysical properties could be achieved. The second group includes derivatives of the 
PyboxPh ligand, whereby more functional groups were introduced to the phenyl ring, i.e. a 
variety of functional groups with electron-withdrawing or electron-donating properties. The 
third group uses larger aryl groups to study the effect of an increased conjugation on the 
electronic properties of the ligands. All ligands synthesized were coordinated with Ln(III) (Ln 
= La, Gd, Eu, Tb) in a ligand to metal ratio of 3:1. La(III) was used for NMR characterization 
of the 3:1 species in solution. The main reason to incorporate different functional groups in the 
pybox ligand was to achieve an alternation of the ligand triplet state energy. From the Gd(III) 
complexes the ligand singlet and triplet state energies were determined. Most importantly the 
effect of the ligand triplet state energy was investigated by measuring the photophysical 
properties of the Eu(III) and Tb(III) metal complexes. For both of these luminescent metal ions 
the emission spectra, emission decay times and relative quantum yields were determined. For 
Eu(III) it was furthermore possible to calculate other photophysical parameters such as radiative 
lifetime, intrinsic quantum yield and ligand sensitization efficiency from the emission spectra. 
In the end the overall effect of the ligand triplet state energy on the photophysical properties of 
the Eu(III) and Tb(III) complexes is discussed. To illustrate the effect of the triplet state energy 
the relative quantum yield, one parameter of the photophysical properties, was choosen as 
correlation factor.  
 
2.3 Ligand synthesis and Ln(III) complex formation 
 
The unsubstituted ligand PyboxH was obtained by a three-step synthetic pathway starting from 
dipicolinic acid (Scheme 2.1). In the first step the dichloride (1) was obtained by activation of 
the two carboxylic acid groups. This could be achieved by either thionyl chloride or oxalyl 
chloride as activation agent, whereby the product was obtained in around 80% yield for both 
methods. However, the usage of oxalyl chloride has the advantage that it can be performed at 
room temperature while activation with thionyl chloride required reflux conditions. In a second 





literature procedure whereby the activated dichloride was first treated with 2-aminoethanol in 
dichloromethane followed by an in-situ reaction with thionyl chloride.20  
 
 
Scheme 2.1: Synthesis of the ligand PyboxH: i) Method A: SOCl2, DMF, reflux, 2 h; Method 
B: CO2Cl2, DCM, cat. DMF, rt, 3 h; ii) Method A: HOCH2CH2NH2, NEt3, DCM, rt, 24 h, 
SOCl2, reflux, 4 h; Method B: ClCH2CH2NH2·HCl, KOH, H2O, DCM, rt, 24 h; iii) NaH, 
THF, rt, 12 h. 
 
Another, more efficient, method can also be used whereby the dichloride was reacted with 2-
chloroethanolamine hydrochloride in a two-phase reaction in water and dichloromethane under 
basic conditions. Purification was then possible by recrystallization from ethanol. In 
comparison the first method needed purification by column chromatography which makes it 
less preferable. In the last step ring formation was achieved by treatment with sodium hydride 
in tetrahydrofuran. The pure ligand PyboxH was obtained in 61% yield by washing the crude 
product with acetone and diethyl ether. The yield of the final step strongly depends on the 
equivalents of sodium hydride used. In literature procedures an excess of up to five equivalents 
was used. However, it was found herein that the yield decreases to about 15% if such a high 
quantity is used. The optimum equivalents of sodium hydride was found to be around three 
equivalents. The brominated pybox ligand (9) was obtained via a seven step synthetic procedure 
(Scheme 2.2). The reason for this longer reaction sequence is the introduction of the Br group 
into the pyridine ring for which dipicolinic acid cannot be used as a precursor. In a first step, 
chelidonic acid (3) was synthesized from ethyl oxalate, acetone and sodium ethoxide by a 
Claisen condensation followed by hydrolysis of the ester under acidic conditions and 
consequent ring closure.21 The reaction of chelidonic acid with aqueous ammonia solution then 








Scheme 2.2: Synthesis of the brominated pybox ligand (9): i) Na, EtOH, 50 oC, 1 h, HCl(aq), 
100 oC, 20 h; ii) NH3 (aq), rt, 48 h; iii) Br2, PBr3, 90 oC, 4 h; iv) EtOH, 0 oC, 1 h; v) NaOH(aq), 
100 oC, 1 h, HCl(aq); vi) CO2Cl2, DCM, cat. DMF, rt, 6 h; vii) ClCH2CH2NH2·HCl, KOH, 
H2O, DCM, rt, 24 h; viii) NaH, THF, rt, 12 h. 
 
The bromide in the 4-position of the pyridine ring was introduced by the reaction with PBr5, 
which was prepared in-situ out of PBr3 and Br2. At the same time the carboxylic acids were also 
activated to the acid bromides. In contrast to a literature procedure,13 it was not possible to 
work-up these intermediates by Kugelrohr distillation which resulted in a decomposition of the 
product. However, the presence of the compound could be proven by proton NMR and for the 
next steps the activated and brominated chelidamic acid species was quenched with ethanol to 
give the ester (5) which could be transferred to the carboxylic acid (6) in nearly quantitative 
yields by using a sodium hydroxide solution. For the activation of the carboxylic acid a solution 
of oxalyl chloride in dry DCM was used and the resulting solution of the acid chloride (7) was 
further reacted in a biphasic reaction with a solution of 2-chloroethanolamine hydrochloride in 
water under basic conditions to yield the amide (8) which then again could be converted to the 







Scheme 2.3: Synthesis of the ligand PyboxPh: i) phenylboronic acid, Pd(PPh3)4, K3PO4, 
DMF, 100 oC, 48 h; ii) K2CO3 (aq), rt, 18 h; iii) C2O2Cl2, DCM, cat. DMF, rt, 6 h; iv) 
ClCH2CH2NH2·HCl, KOH, H2O, DCM, rt, 24 h; v) NaH, THF, rt, 12 h. 
 
The initial plan for the synthesis of the substituted pybox ligands was to insert the functional 
groups via a Suzuki coupling in the first step of the reaction sequence. The synthesis of 
PyboxPh was performed according to a modified literature procedure and is illustrated in 
Scheme 2.3.22 The first step is a Suzuki coupling between the brominated ethyl ester (5) and 
phenylboronic acid using Pd(PPh3)4 as catalyst and K3PO4 as base. Due to the moderate yield 
of around 55% and the fact that the reaction sequence comprises four more steps, a relatively 
large quantity of reactants and catalyst was needed. The second step is the hydrolysis of the 
ethyl ester. Firstly, sodium hydroxide in an ethanol water mixture under refluxing condition 
was attempted. Although the hydrolysis product was obtained, the yield was very low (5%). 
Therefore the reaction was performed under milder conditions at room temperature with K2CO3 
as base which resulted in a good yield of 80%. The last three steps are similar to the reaction 
sequence for the unsubstituted PyboxH ligand where the carboxylic acid groups were activated 
to the dichloride (12) using oxalyl chloride, followed by the amide formation (13) using a basic 
biphasic reaction in DCM and water with 2-chlorethanolamine hydrochloride, and finally ring 
formation with sodium hydride in THF. Purification of the final ligand was achieved by 







Scheme 2.4: Suzuki coupling reactions for the substituted dicarboxylic acid ethyl esters (14) 
and (15):i) 4-(trifluoromethyl)phenylboronic acid, Pd(PPh3)4, K3PO4, DMF, 100 oC, 48 h; ii) 
2-naphthylboronic acid, Pd(PPh3)4, K3PO4, DMF, 100 oC, 48 h. 
 
Two more Suzuki couplings with the brominated carboxylic acid ethyl ester (5) were performed 
with 4-(trifluoromethyl)phenylboronic acid and 2-naphthylboronic acid (Scheme 2.4). 
However, the yields for both reactions were only around 10% to 15%. Due to the low yield a 
similar reaction pathway to the synthesis of PyboxPh described above was not carried out 
because the amount of starting material needed for the coupling reaction would be too high. 
The exact reason for the low yield of both reactions remains unclear. In theory the electron-
withdrawing nature of the carboxylic acid groups on the brominated pyridine ring should 
facilitate the rate-limiting oxidative addition step during the catalytic cycle of the Suzuki 
coupling. It can also not be the boronic acids used since the same boronic acids were used later 
for Suzuki reactions that produced coupling products in good yields. Another pathway was used 
for the preparation of the substituted pybox ligands instead where the Suzuki coupling was 
performed with the brominated pybox ligand (Scheme 2.5). The advantage is that the 
brominated pybox ligand can be synthesized in reasonable overall yields. The reaction was 
performed under the same conditions as the coupling reactions described earlier. Compared to 
the synthetic pathway where the pybox ligand is formed in the last step via a ring-closure with 
sodium hydride, the Suzuki coupling reaction resulted in the formation of more by-products 







Scheme 2.5: Representative Suzuki coupling reaction for the ligand PyboxPh: i) 
phenylboronic acid, Pd(PPh3)4, K3PO4, DMF, 100 oC, 48 h. 
 
Firstly it was tried to achieve this by column chromatography. A range of different solvents and 
stationary phases were used but under all conditions the desired final products were not able to 
pass through the column or resulted in a decomposition of the product. However, it was found 
that nearly all synthesized substituted pybox ligands could more easily be purified by 
recrystallization from ethanol. The purity of all ligands was investigated by NMR, ESI and 



















Scheme 2.6: Complexation of the substituted pybox ligands with Ln(III) metal ions (R 
represents the functional groups). 
 
The complexation to lanthanide ions was performed using Ln(NO3)3 salts as metal precursors 
(Scheme 2.6). Since all ligands are soluble in polar solvents the reactions were performed in 
acetonitrile at room temperature. It was found that no heating was required for a successful 
complexation of three ligands around one metal ion. All samples were left to equilibrate for 
around one hour prior to the photophysical measurements but test measurements showed that 
complexation happens instantly. The complex formation was investigated by mass 
spectrometry and for all Gd(III), Eu(III), and Tb(III) samples peaks for the 3:1 species in 
solution were obtained. Since the aim of this chapter is the study of the photophysical properties 
in solution, the complexes were not isolated in the solid state and no yields for the reaction were 
determined. However, due to the good binding properties of pybox ligands to Ln(III) metal ions 





also be shown in the next section where the La(III) containing complexes were investigated by 
NMR spectroscopy. Several attempts (mixed solvent systems, slow evaporation, small volume) 
were made to obtain crystal structures for the complexes. However, methods such as slow 
evaporation of the solvent or solvent diffusion did not result in crystals for which the structure 
in the solid state could be determined. This is mainly a result of the good solubility of the 
complexes and as a result a relatively high quantity of ligands must be used in order to obtain 
solutions in a reasonably high concentration. However, the focus of this project was the 
synthesis of a wide range of ligands and therefore the coupling reactions for the ligand synthesis 
were performed on a relatively small scale. 
 
2.4 NMR titrations of the La(III) complexes 
 
The formation of the 3:1 complex where three ligands are coordinated to one lanthanide ion 
was investigated by NMR spectroscopy. Due to the paramagnetic nature of the Eu(III) and 
Tb(III), diamagnetic La(III) ions were used instead. Figure 2.7 shows the 1H NMR spectra of 
complexes formed in acetonitrile by the complexation of PyboxH with La(CF3SO3)3 salt in 
different ligand-to-metal stoichiometries.  
 
 
Figure 2.7: 1H NMR spectra of PyboxH (bottom spectrum) and spectra with La(III) as the 
triflate salt in different ligand to metal ratios in CD3CN together with peak assignments. 





The oxazoline proton resonances, which can be found in the region of 4.0 to 4.5 ppm for the 
uncoordinated pybox ligand show the most significant changes upon metal coordination. This 
is especially obvious for the 3:1 species where a large upfield shift for the proton resonances 
closest to the lanthanide metal could be observed. In the case of the 3:1 species the oxazoline 
protons furthermore split into four signals. Crystal structures of similar pybox metal complexes 
exhibited a distorted tricapped trigonal prism with a pseudo-D3 symmetry.13 The results herein 
indicate that this symmetry is maintained in solution leading to a diastereotopic AA’XX’ spin 
system explaining the proton resonances for the 3:1 species in solution. This effect on the 
oxazoline proton pattern cannot be observed for the 2:1 and 1:1 species in solution which can 
be attributed to different metal complex symmetries and the rapid exchange of the pybox 
ligands on the NMR timescale. The resonances for the protons on the pyridine ring are shifted 
downfield which is more significant for the protons in the 3-position resulting in an inversion 
of the proton pattern compared to the uncoordinated pybox ligand. It is also noteworthy that the 
water resonance, which can be found at ~2.2 ppm for the uncoordinated ligand, is not shifted 
for the 3:1 species and consequently no water is coordinated to the lanthanum metal. For the 
2:1 and 1:1 species the water signal is significantly downshifted, indicating a coordination of 
water molecules to the unsaturated coordination sphere of the metal. The main question which 
arises from this result is whether only water is saturating all coordinating sites of the metal or 
if triflate or acetonitrile is also coordinating. The 19F-{1H} NMR spectra for all stoichiometries 
were recorded and all resonances were in a similar region (-79.22 to -79.49 ppm) which might 
indicate that no triflate is coordinating to the lanthanum metal ions. From Figure 2.7, it can also 
be seen that there is a mixture of different species present at different ligand to metal ratios used. 
In case of the 1:1 species, the 2:1 species is also seen and in case of the 2:1 species the 3:1 
species are recognizable in the spectra. This might be a result of the small scale of the reaction 
where only a few mg of ligand and metal salt were used. Under these circumstances it is difficult 
to achieve the correct ratio which results in a mixture of different complexes with different 
metal-to-ligand ratios. Furthermore, the presence of different species might also be partly due 
to an equilibrium between in solution. For all other ligands reported herein only the NMR 
spectra of the uncoordinated ligand and the La(III) 3:1 complex were measured. Figure 2.8 
shows a representative example for the spectra of the ligand Pybox2Th for which similar results 







Figure 2.8: 1H NMR spectra of Pybox2Th (bottom spectrum) and spectra with La(III) as the 
triflate salt in a ligand to metal ratio of 3:1 in CD3CN together with peak assignments. 
*Denotes the water and # the CD3CN resonances 
 
Compared to the uncoordinated ligand, the proton signals experience a significant shift during 
the coordination to La(III). The changes are most visible by comparing the pybox oxazoline 
proton signals. The uncoordinated ligand shows two distinct triplets located at 4.09 ppm for the 
CH2N protons and 4.52 ppm for the CH2O protons. For the 3:1 complex these two signals are 
split into four signals which can be explained by a diastereotopic AA’XX’ spin system. The 
water resonances are the same for the uncoordinated and coordinated ligand indicating that no 
water is bound to the La(III) metal centres. In conclusion the NMR experiments prove the 
successful formation of the 3:1 complex in solution. Moreover it shows that no by-products or 













2.5 Triplet-state determination of the Gd(III) complexes 
 
The ligand triplet state energy is one important factor which determines the photophysical 
properties of Eu(III) and Tb(III) complexes. However, to obtain the triplet state energies the 
phosphorescence spectra of the related Gd(III) complexes must be obtained. Herein, the 
findings for the triplet state energies will be presented and discussed by the nature of the ligand 
substitution. 
 
2.5.1 Phenyl- and heteroaryl derivatives 
 
Absorption spectra of the uncoordinated ligands 
 
Figure 2.9 gives an overview of the absorption spectra of the uncoordinated phenyl- and 
heteroaryl substituted pybox ligands in acetonitrile. All six ligands did not give fluorescence 
upon UV-excitation. The unsubstituted PyboxH ligand has an absorption maximum at around 
284 nm and an absorption onset at around 315 nm. Compared to that, the ligands PyboxPh, 
PyboxPy, PyboxFur and Pybox3Th have absorption maxima at lower wavelengths. On the 
other hand these four ligands have an absorption onset located at higher wavelengths (around 
325 nm for all of them) than PyboxPh indicating a lowering of the singlet state energy of the 
uncoordinated ligand. The ligand Pybox2Th shows a significant shift of the absorption onset 
to around 340 nm. 
Figure 2.9: Absorption spectra of the uncoordinated phenyl- and heteroaryl-substituted pybox 









Compared to the uncoordinated ligands, the Gd(III) complexes of the phenyl- and heteroaryl-
substituted ligands show fluorescence upon UV-excitation. This might be due to a different 
orientation of the ligand in its uncoordinated and complexed state. This would also explain the 
red shift in the absorption spectra upon complexation to Gd(III). The ligand singlet state 
energies were obtained from the overlap (0-0 transition) of the Gd(III) absorption and 
fluorescence spectra. The phosphorescence spectra were obtained in frozen acetonitrile solution 
at 77 K to eliminate triplet state quenching by oxygen which is predominant at room 
temperature.23 As expected, the phosphorescence spectra are located at higher wavelengths 
compared to the fluorescence spectra. Figure 2.10 gives a representative example of the 
absorption and emission spectra for the Gd(III) complex of PyboxPh.  
 
Figure 2.10: Representative example of absorption, fluorescence and phosphorescence (λex = 
266 nm) spectra for the Gd(III) PyboxPh complex in acetonitrile. Absorption spectra of the 
uncoordinated ligand is shown as dotted line. 
 
The triplet state energies were calculated from the phosphorescence spectra by peak fitting 
whereby the peak located at the lowest wavelength was taken as the triplet state. The 
phosphorescence spectra and peak fits for all phenyl- and heteroaryl substituted ligands are 
shown in Figure 2.11. The corresponding triplet state energies as well as the singlet state 






Table 2.1: Overview of the ligand singlet and triplet state energies for the phenyl- and 
heteroaryl substituted pybox ligands. 
Ligand Singlet state(a) Triplet state(b) 
(nm)(c) (cm-1) (nm) (cm-1) 
PyboxH 311.84 32069 ± 206 430.97 ± 4.71 23205 ± 255 
PyboxPh 332.17 30106 ± 181 463.36 ± 3.46 21582 ± 162 
PyboxPy 321.75 31081 ± 193 449.87 ± 2.74 22229 ± 135 
PyboxFur 342.68 29182 ± 170 478.13 ± 3.78 20916 ± 166 
Pybox3Th 348.88 28664 ± 164 485.32 ± 2.45 20605 ± 104 
Pybox2Th 371.73 26902 ± 145 534.39 ± 8.99 18717 ± 315 
(a)Measured as the 0 – 0 transition from the absorption and fluorescence of the Gd(III) complexes. (b)Calculated 
from the highest energy peak obtained by Gaussian fitting of the phosphorescence spectra. (c)Error of the 
measurement was around 2 nm. 
 
The unsubstituted ligand PyboxH in its complexed form displays the highest singlet (around 
32000 cm-1) and triplet state energy (around 23200 cm-1) among all the ligands reported in this 
chapter. While the obtained singlet state energy is comparable to literature findings, the triplet 
state energy herein is about 2000 cm-1 lower in energy.13 This might be due to the different 
methods used in the literature, where the triplet state was determined from the intersection of 
the ligand fluorescence and phosphorescence. However, since both emissions do not originate 
from the same state, the peak fitting method used herein should give a more precise indication 
about the location of the triplet-state. When the hydrogen is substituted by a phenyl or pyridine 
ring the singlet state energy and consequently the triplet state energy are lowered. It has been 
shown before in the literature that electron withdrawing groups in the para-position of the 
pybox pyridine ring result in a lowering of the triplet state energy while electron donating 
groups display the opposite effect.13 The phenyl ring has a positive mesomeric effect and would 
act more like an electron donating group. However, instead of an electronic effect, the lowering 
of the triplet state energy might be due to the increased conjugation of the ligand system.24 The 
five-membered furan- and thiophene-derived ligands display even lower triplet state energies 
than PyboxPh, which is also expected to be a result of the conjugative effect. Interestingly, 
among the six ligands, Pybox2Th possesses the lowest singlet and triplet state energy which 
seems reasonable as the thiophene ring with the sulphur in the two-position is more conjugated 
with the pybox pyridine ring. This result also shows that small changes of the substituents can 






Figure 2.11: Phosphorescence spectra and peak fitting of the phenyl- and heteroaryl 
substituted pybox ligands (recorded with a time delay of 500 µs and a time gate of 1 ms). 
 
2.5.2 Mono-, di-, and tri-substituted phenyl derivatives 
 
Absorption spectra of the uncoordinated ligands 
 
The absorption spectra of the uncoordinated mono-, di-, and tri-substituted phenyl pybox 
ligands are illustrated in Figure 2.12. All six ligands do not show fluorescence upon UV-
excitation. The ligand PyboxCF3 with a trifluoromethyl group in the para-position of the 
phenyl ring has an absorption maximum at around 250 nm, which is slightly lower than for the 
PyboxPh ligand (255 nm). However, both ligands PyboxPh and PyboxCF3 have a similar 





the electronic properties of the ligand. The ligand PyboxTol exhibits a similar absorption 
maximum which lead to the conclusion than solely inductive effects of the substituted groups 
at the para-position of the phenyl ring do not drastically effect the absorption properties of the 
ligands. Interestingly the ligand PyboxMes with three methyl groups at the phenyl ring does 
show a significant shift of the absorption maximum towards lower wavelengths to around 310 
nm. On the other hand, groups with a mesomeric effect such as methoxy and thiomethyl lead 
to a shift of the absorption onset towards higher wavelengths, to around 340 nm and 360 nm 
for the ligands PyboxOMe and PyboxSMe respectively. In comparison the Pybox26OMe 
ligand with two methoxy groups located at the two- and six-position of the phenyl ring has a 
similar absorption onset than the unsubstituted PyboxPh ligand at around 325 nm indicating 
that substitution at these positions have a minor effect on the electronic properties. 
 
Figure 2.12: Absorption spectra of the uncoordinated mono-, di- and tri-substituted pybox 




The ligand singlet and triplet state energies were obtained from the Gd(III) complexes in 
acetonitrile and the results for both values are summarized in Table 2.2. Upon complexation to 
Gd(III) metal ions, a shift of the absorption onset towards higher wavelengths for all ligands is 
observable. Furthermore, all coordinated ligands show fluorescence upon UV-excitation 
compared to the uncoordinated ligands which do not exhibit fluorescence. This indicates that 
upon coordination to Ln(III) metal ions the electronic properties of the ligands change which 





uncoordinated form. The singlet state energies were obtained from the intersection of the ligand 
absorption and the ligand fluorescence of the Gd(III) complexes. 
 
Table 2.2: Overview of the ligand singlet and triplet state energies for the mono-, di- and tri-
substituted pybox ligands. 
Ligand Singlet state(a) Triplet state(b) 
(nm)(c) (cm-1) (nm) (cm-1) 
PyboxPh 332.17 30106 ± 181 463.36 ± 3.46 21582 ± 162 
PyboxCF3 322.91 30969 ± 192 453.71 ± 4.96 22042 ± 240 
PyboxSMe 389.13 25699 ± 132 558.27 ± 8.25 17915 ± 263 
PyboxOMe 368.34 27149 ± 147 499.75 ± 9.59 20015 ± 387 
PyboxTol 345.54 28941 ± 168 483.61 ± 6.63 20681 ± 281 
PyboxMes 333.57 29979 ± 180 456.57 ± 5.49 21904 ± 265 
Pybox26OMe 350.63 28521 ± 163 473.03 ± 5.30 21142 ± 238 
(a)Measured as the 0 – 0 transition from the absorption and fluorescence of the Gd(III) complexes. (b)Calculated 
from the highest energy peak obtained by Gaussian fitting of the phosphorescence spectra. (c)Error of the 
measurement was around 2 nm. 
 
The triplet state energies were obtained from the phosphorescence spectra of the frozen 
solutions at 77 K whereby the lowest found emission peak was taken as the triplet state energy. 
The phosphorescence spectra of all ligands together with the peak fitting are illustrated in Figure 
2.13. In general it can be seen that further substitution at the phenyl ring of the PyboxPh ligand 
resulted in significant changes of the triplet state energy. Introducing an electron-withdrawing 
trifluormethyl group in the para-position of the phenyl ring resulted in a slightly higher triplet 
state energy (around 22000 cm-1 for PyboxCF3) than for PyboxPh (around 21500 cm-1). In 
comparison, the methyl group in the PyboxTol ligand with a positive inductive effect resulted 
in lowering of the triplet state energy to around 20700 cm-1. However, due to the minor changes 
of the triplet state energies it can be said that groups with solely inductive effects do not 
significantly change the triplet state energy. This seems reasonable as these groups are not 
directly located at the coordinating pybox moieties of the ligands. More significant changes of 
the triplet state energies were obtained when groups with a mesomeric effect were introduced. 
The ligand PyboxOMe with a methoxy group in the para-position of the phenyl ring resulted 
in a lowering of the triplet state energy of around 1600 cm-1 compared to the PyboxPh ligand. 





energy of around 18000 cm-1. This is in agreement with the findings for the phenyl- and 
heteroaryl-substituted ligands discussed above where an increased conjugation of the ligand led 
to a decrease of the triplet state energy. 
 
 
Figure 2.13: Phosphorescence spectra and peak fitting of the mono-, di- and tri-substituted 
pybox ligands (recorded with a time delay of 500 µs and a time gate of 1 ms). 
 
Two ligands were prepared which had two and three substituted groups at the phenyl ring. The 
triplet state energy for the ligand PyboxMes with a mesityl- instead of a phenyl-ring is in a 
similar range to the PyboxPh ligand. This is surprising since the three methyl groups with a 
positive inductive effect should result in a lowering of the triplet state energy (similar to the 
ligand PyboxTol). This might be explained by a different geometry of the ligand. The two 





be out of plane compared to the central pybox pyridine ring, causing a less conjugated system. 
Furthermore, the shape of the phosphorescence spectrum differs from the other ligands. While 
the mono-substituted ligands show phosphorescence spectra with distinct peaks, the 
phosphorescence spectrum of the PyboxMes ligand appears broader and no individual peaks 
are observable. Interestingly the ligand Pybox26OMe with two methoxy groups located on the 
phenyl ring only showed a slightly lower triplet state energy (around 21000 cm-1) than the 
PyboxPh ligand. It was expected that two methoxy groups would significantly lower the triplet 
state energy similar to the effect observed for the PyboxOMe ligand. The absence of a 
significant change might also be due to the fact that the two methoxy groups are located in the 
two- and six-position of the phenyl ring, causing an out of plane geometry of the phenyl and 
pyridine rings and therefore lower the overall conjugation of the ligand. All-in-all the results 
show that it is possible to precisely adjust the ligand triplet state energy by further substitution 
of the PyboxPh phenyl ring. 
 
2.5.3 Aryl derivatives 
 
Absorption and fluorescence spectra of the uncoordinated ligands 
 
Figure 2.14: Absorption spectra of the uncoordinated aryl-substituted pybox ligands 
measured in acetonitrile. 
 
Compared to all previous ligands, the aryl-substituted pybox ligands show fluorescence in their 
uncoordinated form. The absorption spectra as well as the corresponding fluorescence spectra 
can be found in Figure 2.14. Compared to the ligand PyboxPh with one phenyl group, which 





significant shift of the absorption maximum towards higher wavelengths. The ligand 
PyboxBiPh has an absorption maximum at around 340 nm and a fluorescence intensity 
maximum at around 375 nm. Compared to that, the values for the PyboxNaph ligand are shifted 
slightly towards higher wavelengths. The ligands PyboxAnth and PyboxPyrene both have an 





The ligand singlet and triplet state energies were obtained from the aryl-substituted pybox 
ligand Gd(III) complexes, which were prepared in a 3:1 ligand to metal stoichiometry in 
acetonitrile. An overview of the obtained data can be found in Table 2.3.  
 
Table 2.3: Overview of the ligand singlet and triplet state energies for the aryl-substituted 
pybox ligands. 
Ligand Singlet state(a) Triplet state(b) 
(nm)(c) (cm-1) (nm) (cm-1) 
PyboxPh 332.17 30106 ± 181 463.36 ± 3.46 21582 ± 162 
PyboxBiPh 379.14 26376 ± 139 525.33 ± 7.71 19038 ± 281 
PyboxNaph 376.52 26560 ± 141 549.33 ± 2.27 18204 ± 75 
PyboxAnth 387.92 25779 ± 133 413.86 ± 3.61 24164 ± 211 
PyboxPyrene 390.31 25621 ± 131 678.04 ± 5.59 14749 ± 130 
(a)Measured as the 0 – 0 transition from the absorption and fluorescence of the Gd(III) complexes. (b)Calculated 
from the highest energy peak obtained by Gaussian fitting of the phosphorescence spectra. (c)Error of the 
measurement was around 2 nm. 
 
The singlet states were obtained from the intersection of the absorption and ligand fluorescence 
spectra. Compared to the Gd(III) complexes of PyboxPh, which has a singlet state energy of 
around 30000 cm-1, the values for the aryl-substituted pybox ligands are around 26000 cm-1 and 
significantly lower, showing the effect of the increased conjugation. The triplet state energies 
were calculated from the phosphorescence spectra which were obtained from the frozen 
solutions of the Gd(III) complexes at 77 K. The phosphorescence spectra as well as the peak 
fitting can be found in Figure 2.15. For the ligand PyboxBiPh the obtained triplet state energy 





about 18200 cm-1 which seems reasonable due to the more conjugated system present through 
the naphthyl group. The ligand PyboxPyrene shows the lowest triplet state energy of all ligands 
reported herein at around 14700 cm-1. Surprisingly the peak fitting of the phosphorescence 
spectrum for the ligand PyboxAnth resulted in a triplet state energy of around 24000 cm-1, 
which seems to be too high compared to the other aryl-substituted pybox ligands. Anthracene 
molecules have been reported to possess triplet state energies at around 14900 cm-1, which also 
makes the obtained value for the anthracene-substituted ligand seem to high.25 However, other 
studies reported that anthracene displays more than one triplet state energy.26 Therefore, the 
obtained triplet state energy might not belong to the lowest lying triplet state of the ligand. The 
reason why no phosphorescence of the lowest lying triplet state is observed remains unclear. 
 
 
Figure 2.15: Phosphorescence spectra and peak fitting of the aryl-substituted pybox ligands 










2.6 Influence of the ligand triplet-state energy on the 
photophysical properties of the Eu(III) and Tb(III) complexes 
 
In this section, the influence of the ligand triplet state energy, which was obtained from the 
Gd(III) complexes discussed previously, on the photophysical properties of the related Eu(III) 
and Tb(III) complexes will be discussed. Eu(III) and Tb(III) emission properties are especially 
important due to their characteristic red and green luminescent properties which can be used 
for technological applications such as optoelectronic devices and flat panel displays,27,28,29 or 
in biotechnology.30,31,32 
 
2.6.1 Photophysical properties of the Eu(III) complexes 
 
Eu(III) 5D0 → 7FJ emission spectra 
 
The Eu(III) complexes were prepared by mixing the ligands with the Eu(NO3)3 as metal 
precursor in acetonitrile, similarly to the above discussed Gd(III) compounds. Figure 2.16 
shows representative absorption (coordinated and uncoordinated), excitation and emission 
spectra of the Eu(III) complexes for PyboxPh and PyboxSMe.  
 
Figure 2.16: Absorption, excitation and emission spectra of the PyboxPh (left) and 
PyboxSMe (right) Eu(III) complexes, absorption spectra of the uncoordinated ligands are 






For all ligands the absorption spectra of the coordinated ligands showed a shift of the absorption 
onset towards higher wavelengths similar to the shift observed for the related Gd(III) complexes. 
It should be mentioned that the absorption spectra of the Eu(III) and Gd(III) complexes are 
identical which is important in order to make the assumption that the ligand triplet state energies 
for the Eu(III) and Gd(III) complexes are in a similar range and do not depend on the Ln(III) 
metal used. The first effect of the ligand triplet state energy on the photophysical properties of 
the Eu(III) complexes came from the result that some ligands did not show Eu(III) emission. 
The ligands PyboxSMe, PyboxAnth and PyboxPyrene only showed ligand fluorescence and 
no characteristic Eu(III) emission, indicating that no energy transfer from the ligand triplet state 
to the Eu(III) excited states, from where the emission occurs, takes place. For the ligand 
PyboxPyrene this seems reasonable since its triplet state energy (14749 cm-1) is well below the 
Eu(III) 5D0 excited state at 17261 cm-1.33 For the ligand PyboxAnth the ligand triplet state 
energy was determined to be around 24000 cm-1 but as discussed before this might not be the 
lowest lying triplet state energy. In theory an energy transfer to Eu(III) is electronically feasible, 
but the energy difference would be around 6900 cm-1 and it is therefore assumed that other 
relaxation pathways are more favourable which would explain the absence of Eu(III) emission. 
Surprisingly the ligand PyboxSMe only showed ligand fluorescence and no Eu(III) related 
emission peaks (Figure 2.16). The triplet state energy at 17915 cm-1 seems to allow an energy 
transfer to the Eu(III) 5D0 state, however, the energy difference is only 654 cm-1. As a result no 
efficient energy transfer takes place. All other ligands show the characteristic Eu(III) 5D0 → 7FJ 
(J = 0 – 4) emission peaks upon UV-excitation located at 579, 592, 616, and 689 nm respectively 
(Appendix, Figure A2.1).34 The absence of ligand fluorescence indicates an efficient energy 
transfer from the ligand singlet state to the ligand triplet state. All Eu(III) emission spectra show 
a single symmetrical 5D0 → 7F0 transition located at 579 nm indicating that only one major 
emitting species is present in solution.35 The fact that this transition can be seen furthermore 
suggests that the symmetry around the Eu(III) metal centre is at a non-centrosymmetric site.36 
Further information about the symmetry can be taken from the intensity ratios of the Eu(III) 
hypersensitive symmetry dependant 5D0 → 7F2 (616 nm) and the magnetic dipole symmetry 
independent 5D0 → 7F1 (592 nm) transition.37 All complexes, except for the PyboxH ligand, 
exhibit an intensity ratio of around three, indicating that the symmetry around the Eu(III) metal 
ions in these complexes is similar. In comparison the Eu(III) complex of the PyboxH ligand 





can be expected that they display greater distortion from an ideal centrosymmetric site than the 
unsubstituted PyboxH ligand, which would lead to the observed increased intensity ratio.38 
 
Eu(III) 5D0 → 7FJ emission decay times in different solvent systems 
 
The emission decay times of the Eu(III) 5D0 → 7FJ transition were recorded in acetonitrile, 
methanol and deuterated methanol. The findings for the phenyl- and heteroaryl-substituted 
ligands are summarized in Table 2.4.  
 
Table 2.4: Emission decay times of the phenyl- and heteroaryl-substituted pybox Eu(III) 
complexes measured in acetonitrile, methanol, and deuterated methanol as well as the 









PyboxH 1.84 ± 0.15 1.45 ±0.08 2.34 ± 0.19 0.55 
PyboxPh 2.33 ± 0.05 1.53 ± 0.19 2.11 ± 0.07 0.38 
PyboxPy 2.07 ± 0.23 1.06 ± 0.14 1.45 ± 0.11 0.53 
PyboxFur 2.29 ± 0.06 1.37 ± 0.21 1.72 ± 0.09 0.31 
Pybox3Th 2.27 ± 0.22 1.65 ± 0.19 2.33 ± 0.24 0.37 
Pybox2Th   τ1: 
Pybox2Th   τ2: 
0.94 ± 0.07 (80%) 
0.37 ± 0.01 (20%) 
0.60 ± 0.03 (94%) 
0.23 ± 0.01 (6%) 
1.33 ± 0.12 (54%) 
0.66 ±0.03 (46%) 
1.92(c) 
(a)Measured as the emission decay time of the Eu(III) 5D0 → 7F2 transition located at 616 nm. (b)Calculated using 
Horrock’s equation. (c)Longer Lifetimes were used for calculation. 
 
Results for the other ligands can be found in Appendix, Table A2.1. All lifetimes, except for 
the ligands Pybox2Th and PyboxNaph can be fitted to mono-exponential decay functions, 
indicating that only one major emitting species is present in solution. For the Eu(III) complexes 
of the ligands Pybox2Th and PyboxNaph the emission decay times could be fitted to bi-
exponential decay functions, whereby the longer decay time represents the highest fraction. In 
theory this could only be explained by the presence of at least two emitting species. However, 
the presence of the 3:1 complex has been proven by ESI and results from the NMR titrations 
with the comparable La(III) complex also pointed towards the successful formation of the 3:1 
species in solution. Therefore it remains unclear from where the shorter living species arises 





examples for emission decay functions can be found in Appendix, Figure A2.2. All lifetimes 
are in the ms range which is typical for Eu(III) emissive complexes.39 The emission decay times 
measured in acetonitrile were used to determine if there is a relationship between the ligand 
triplet state energy and the Eu(III) lifetimes (Figure 2.17). Although no strict linear relationship 
was found, it can be said that the longest emission decay times were obtained for ligand triplet 
state energies above 20000 cm-1. The only exception from this rule is the unsubstituted ligand 
PyboxH which has an Eu(III) emission decay time of around 1.8 ms. This might be explained 
by a possible quenching of C-H vibrations which are located at the cental pybox pyridine 
ring.40,41 For the substituted pybox ligands one C-H is replaced which would lower the effect 
of the quenching. For ligands Pybox2Th and PyboxNaph, which have the lowest lying triplet 
states the Eu(III) emission decay times are below 1 ms. This might be a result due to the 
relatively short energy difference between the triplet state and the Eu(III) 5D0 excited state 
(17261 cm-1) which could lead to a back transfer from Eu(III) to the ligand triplet state and 
would therefore quench the emission.42 Another quenching pathway is through O-H vibrations 
which arise from the coordination of water to the Eu(III) metal centres.43  
 
Figure 2.17: Relationship between the ligand triplet state energy and the Eu(III) 5D0 → 7FJ 







For Ln(III) pybox complexes in a 3:1 stoichiometry all coordinating sites around the metal 
centres should be occupied by ligand so that no water can be found in the first coordination 
sphere and the quenching by O-H vibrations should be limited. The possible coordination of 
water to the Eu(III) metal centres of the substituted pybox ligands was investigated by 
measuring the emission decay times in methanol and deuterated methanol from which the 
number of coordinated water molecules in the first coordination sphere around the Eu(III) metal 
ions (q) could be estimated.44 For all complexes except Pybox2Th and PyboxNaph a value 
close to zero was obtained showing that no water is coordinated. This result can also be seen as 
another proof of the successful formation and the stability of the 3:1 complex in solution. For 
the Eu(III) complexes of Pybox2Th and PyboxNaph the number of coordinated water 
molecules was determined to be around two. This could mean that for these ligands no Eu(III) 
complexes in a 3:1 ligand to metal stoichiometry were obtained, which would be in 
contradiction to the findings from ESI as well as from the La(III) NMR titration experiments. 
However, as discussed earlier due to the close to the Eu(III) lying triplet state energies of these 
ligands other quenching pathways next to O-H vibrations might be present which could be more 
dominant and therefore the calculation of the number of coordinated water molecules might be 
inaccurate. 
 
Relative / intrinsic quantum yield and ligand sensitization efficiency 
 
Next to the Eu(III) emission decay times, the relative and intrinsic quantum yields, radiative 
lifetime and ligand sensitization efficiency are further important parameters to access the 
photophysical properties of Eu(III) coordination compounds.45 An overview of the obtained 
data for the phenyl- and heteroaryl-substituted pybox ligands is given in Table 2.5. Data for the 
remaining ligands can be found in Appendix, Table A2.2. Relative quantum yields of the Eu(III) 
emission were measured against Cs3[Eu(dpa)3] as reference.46 The unsubstituted ligand 
PyboxH shows a relative quantum yield of around 23% which is comparable to previous 
literature findings.13 This relatively low value is mainly due to the larger energy difference 
between the Eu(III) 5D0 state and ligand triplet state energy of about 5900 cm-1 which causes 
an inefficient energy transfer. In general it is believed that for an efficient energy transfer from 
the ligand triplet state to Eu(III) the energy difference between these excited states should be 





Table 2.5: Relative and intrinsic quantum yield, radiative lifetime, and sensitization efficiency 
for the phenyl and heteroaryl substituted pybox ligand Eu(III) complexes. 











PyboxH 5944 23.4 ± 2.4 4.95 ± 0.35 37.2 62.9 
PyboxPh 4321 38.0 ± 3.3 5.20 ± 0.22 44.8 84.8 
PyboxPy 4968 36.0 ± 3.6 4.52 ± 0.39 45.8 78.7 
PyboxFur 3655 29.5 ± 4.8 5.33 ± 0.16 43.0 68.7 
Pybox3Th 3344 47.9 ± 1.9 4.91 ± 0.24 46.2 103.6 
Pybox2Th 1456 21.0 ± 1.7 4.36 ± 0.14 21.6 97.3 
(a)Energy difference between the ligand triplet state and the Eu(III) 5D0 state located at 17261 cm-1 (b)Relative 
quantum yield compared to Cs3[Eu(dpa)3]. (c)Calculated from the average values. 
 
The phenyl- and heteroaryl-substituted pybox ligands, except for Pybox2Th, fall into that 
category and indeed their relative quantum yields range from 30% to 50%. It should be noted 
that the relative quantum yield obtained for the Eu(III) complex of the Pybox3Th ligand is, at 
around 48%, lower than the literature value, which was determined to be around 76%.14 The 
inconsistency might arise due to different techniques used for the quantum yield determination. 
The literature used a method where the sample and the reference were excited at different 
wavelengths and therefore the excitation light needed to be corrected for instrumental 
parameters which makes the measurement more susceptible to errors.14 Herein, the sample as 
well as the reference were excited at the same wavelength in order to avoid a correction of the 
excitation source. However, the value of the relative quantum yield for the Pybox3Th ligand is 
still the highest among all ligands reported herein. Relative low quantum yields can also be a 
result of a narrow energy gap between the ligand triplet state and the Eu(III) excited states, 
which would also cause an inefficient energy transfer. This can be seen for the Eu(III) 
complexes of the ligands Pybox2Th, PyboxBiPh, and PyboxNaph which have relative 
quantum yields between 16% and 21%. Another important parameter is the radiative lifetime 
(τrad), which is compared to the observed lifetime (τobs), the theoretical value of the emission 
decay time in the absence of non-radiative deactivation processes.48 Its value can be calculated 
from the overall Eu(III) emission spectrum whereby the integrated emission intensity of the 
overall Eu(III) 5D0 → 7FJ (J = 0 – 4) transition is set in correlation with the integrated emission 





Eu(III) emission spectrum is symmetry dependant, the empirical value obtained for the radiative 
lifetime changes if the symmetry around the Eu(III) metal centres in the complexes is changing. 
The obtained values for the substituted-pybox ligand Eu(III) complexes reported here, range 
from around three to five. Usual literature values were reported to be around three.50 However, 
higher values ranging up to seven can also be found, so that the reported values here for the 
radiative lifetime are in good agreement with literature results for other Eu(III) coordination 
compounds.51 From the observed lifetimes and the calculated radiative lifetimes the intrinsic 
quantum yields (Φintrinsic) can be calculated. The value of the intrinsic quantum yield represents 
the quantum yield of the Eu(III) emission upon direct excitation of the metal ions.52 Therefore 
it represents the extent of non-radiative deactivations processes in both the inner- and outer-
coordination sphere of the Eu(III) metal ions. The unsubstituted ligand PyboxH displays a 
relatively low intrinsic quantum yield of around 37% which might be due to the above discussed 
quenching of the C-H vibrations located at the pybox pyridine ring. For the other ligands, except 
for Pybox2Th and PyboxNaph, the value for the intrinsic quantum yield ranges from 30% to 
50%. For the Eu(III) complexes of Pybox2Th and PyboxNaph the intrinsic quantum yield is 
significantly (20%) lower which represents the potential energy back transfer from the Eu(III) 
5D1 state to the ligand triplet state which is possible for these two ligands due to the relatively 
small energy difference between these two states (Figure 2.18).  
Figure 2.18: Relationship between the ligand triplet state and the intrinsic quantum yield of 






From the relative and intrinsic quantum yields the ligand Eu(III) sensitization efficiency can be 
calculated. As quenching pathways are already taken into consideration for the calculation of 
the intrinsic quantum yield, this value represents how efficient the energy is transferred from 
the ligand to the Eu(III) metal centres. The highest value was obtained for the Eu(III) complex 
of the ligand Pybox3Th, indicating that its triplet state is well-situated for an efficient energy 
transfer process. On the other hand the sensitization efficiency of the PyboxH ligand is only 
around 60%, showing that the energy difference between the ligand triplet state and the Eu(III) 
excited state is too high. 
 
Eu(III) 5D1 → 7FJ emission decay times 
 
All data discussed so far in this chapter focussed on the Eu(III) 5D0 → 7FJ (J = 0 – 4) transitions. 
The Eu(III) 5D1 → 7FJ (J = 0 – 3) transitions can also be observed. Since the Eu(III) 5D1 state is 
located at a higher energy (19020 cm-1) than the 5D0 state (17261 cm-1), these transitions occur 
at lower wavelengths. In general these transitions are considerably less studied than the longer 
living 5D0 → 7FJ transitions. One reason for that is that their emission decay time is in the µs 
range and therefore they cannot be observed under steady-state emission conditions. Instead 
time-gated spectroscopy needs to be applied to factor out the more prominent Eu(III) 5D0 
emission. Figure 2.19 shows a representative emission spectrum recorded with a time gate of 
500 ns and a time delay of 100 ns of the Eu(III) PyboxPh complex.  
 
Figure 2.19: Emission spectra in the early stage of the overall Eu(III) emission recorded with 
a time gate of 500 ns (left) and emission decay curves of the Eu(III) 5D1 → 7FJ transitions 






Emission transitions located at 525, 538, 557, and 584 nm belong to Eu(III) 5D1 → 7FJ (J = 0 – 
3) respectively.53 Furthermore the spectrum also contains peaks for the Eu(III) 5D0 → 7FJ 
transitions which have a lower intensity. When the spectrum of the same sample was recorded 
with a time delay 10 µs while keeping the time gate constant at 500 ns, the Eu(III) 5D1 → 7FJ 
transitions disappeared and only the longer-living 5D0 → 7FJ transition can be observed. 
Interestingly the Eu(III) 5D0 → 7F2 transition shows a rise of its intensity at longer time delays. 
This phenomenon was further observed by recording the emission decay times of all 5D1 → 7FJ 
(J = 0 – 3) transitions as well as the 5D0 → 7F2 emission rise times in the early stage of the 
overall Eu(III) emission. The obtained emission decay times for the phenyl- and heteroaryl-
substituted pybox ligands are shown in Table 2.6. Values for the remaining ligands can be found 
in Appendix, Table A2.3.  
 
Table 2.6: Eu(III) 5D1 – 7FJ (J = 1 – 3) emission decay times, 5D0 – 7F2 emission rise times in 
the early emission stage and relative population of the 5D0 state by the 5D1 state of the phenyl- 
and heteroaryl-substituted pybox Eu(III) complexes measured in acetonitrile. 
Ligand 
∆ Ligand 3T – 
Eu(III) 5D1 
(cm-1)(a) 
τ 5D1 → 7FJ 
(ns)(b) 
τ 5D1 → 7F2 
(ns)(c) 
5D1 – 5D0  
population 
(%)(d) 
PyboxH 4185 677 ± 38 706 ± 41 64 
PyboxPh 2562 561 ± 21 573 ± 18 65 
PyboxPy 3209 704 ± 31 699 ± 24 64 
PyboxFur 1896 583 ± 29 618 ± 30 54 
Pybox3Th 1585 585 ± 30 615 ± 12 58 
Pybox2Th -303 n.a. 41 ± 11 41 
(a)Energy difference between the ligand triplet state and the Eu(III) 5D1 state located at 19020 cm-1 (b)Excited 
state lifetimes of the 5D1 → 7FJ (J = 1 – 3) transitions measured with a delay of 100 ns and gate width of 10 µs. 
(c)Signal rise times fitted from the overall 5D0 → 7F2 emission decay curves between 0 and 5 µs. (d)Calculated 
from the ratio of the initial and final emission intensity of the 5D0 → 7F2 transition (error of the measurement is 
around 5%). 
 
In case of the PyboxPh ligand all Eu(III) 5D1 → 7FJ emission decay times are in the same range 
of around 560 ns which seems reasonable as they originate from the same excited state (Figure 
2.19). For most of the other ligands the value of the Eu(III) 5D1 → 7FJ emission decay times is 
between 600 to 800 ns. Exceptions are the Eu(III) complexes of the ligands Pybox2Th and 





the fact that their triplet state energies are located at lower energies than the Eu(III) 5D1 state 
(19020 cm-1) and as a result the amount of energy transferred to this Eu(III) excited state is 
considerably less than for the ligands which have a triplet state energy well above the 5D1 state. 
Furthermore, due to the short energy difference, back transfer to the ligand triplet state can 
occur which would quench the emission from the Eu(III) 5D1 state and as a result shorten the 
emission decay time. Interestingly the emission rise time of the 5D0 → 7F2 transition is around 
570 ns and in a similar range than the 5D1 → 7FJ emission decay times. This indicates that the 
Eu(III) 5D0 state is partially populated by the Eu(III) 5D1 state, which has also been observed 
for other Eu(III) coordination complexes.54  
 
Figure 2.20: Relationship between the ligand triplet state energy and the population 
percentage of the Eu(III) 5D0 state by the 5D1 state. 
 
The percentage of the 5D0 population by the 5D1 state can be obtained by comparing the intensity 
of the emission rise time at time zero and at its highest value (Figure 2.19, representative 
examples for other 5D0 → 7F2 emission rise time curves can be found in Appendix, Figure A2.3). 
The importance of the ligand triplet state energy on the population percentage is illustrated in 
Figure 2.20. For ligands whose triplet state energy is situated well above the Eu(III) 5D1 state, 
around 50% to 70% of the Eu(III) 5D0 state is populated by the 5D1 state. If the triplet state is 
below the excited state energy of the 5D1 level the population percentage decreases to about 





be explained by the fact that due to the low triplet state energy less energy gets transferred to 
the Eu(III) 5D1 state as well as the observation that energy back transfer from the Eu(III) 5D1 
state to the ligand triplet state can occur.  
 
2.6.2 Photophysical properties of the Tb(III) complexes 
 
Terbium is another lanthanide ion which has achieved great interest due to its unique bright 
green luminescence.55,56 The Tb(III) 3:1 ligand to metal complexes of all substituted pybox 
ligands were prepared in a similar way to the Gd(III) and Eu(III) complexes in acetonitrile at 
room temperature. Figure 2.21 shows the absorption, excitation and emission spectra of the 
PyboxPh Tb(III) complex. 
 
Figure 2.21: Absorption, excitation and emission spectra of the PyboxPh (left) and 
PyboxOMe (right) Tb(III) complexes, absorption spectra of the uncoordinated ligands are 
shown in addition. 
 
Compared to the uncoordinated ligand, the absorption spectra experiences a bathochromic shift 
upon complexation. Upon UV-excitation the typical Tb(III) 5D4 → 7FJ (J = 6 – 2) emission 
peaks located at 490, 544, 582, 621, and 646 nm respectively could be observed.57 The 
excitation spectrum of the Tb(III) emission is similar to the ligand absorption spectrum 
indicating that the emission spectrum arises from an energy transfer from the ligand to the 
Tb(III) excited states. However, Tb(III) emission was not observable for all the ligands. For 
instance the ligand triplet state energies of PyboxAnth and PyboxPyrene are located at energy 
levels which are not suitable for an energy transfer to Tb(III) (and Eu(III) as well) and therefore 





energies for the ligands PyboxOMe (20015 cm-1) and PyboxSMe (17915 cm-1) are also located 
below the Tb(III) 5D4 state (20490 cm-1)42 and therefore only ligand fluorescence was seen 
(Figure 2.21). On the other hand the OMe and SMe substituted ligands gave lanthanide emission 
in their Eu(III) complexes. This shows that the obtained ligand triplet state energies are 
reasonable and that they can be applied to the Gd(III), Eu(III) and Tb(III) complexes. For all 
complexes which gave Tb(III) emission, the emission decay times as well as the relative 
quantum yields were obtained (Table 2.7) 
 
Table 2.7: Emission decay times and relative quantum yields for the substituted pybox ligand 
Tb(III) complexes (energy gap between the ligand triplet state and the Tb(III) 5D4 state is shown 
as well). 






PyboxH 2715 1.63 ± 0.34 24.11 ± 2.2 
PyboxPh 1092 1.04 ± 0.15 29.14 ± 2.9 
PyboxPy 1739 1.28 ± 0.19 22.47 ± 1.6 
PyboxFur 
426 
0.02 ± 0.01 (71%) 
0.01 ± 0.005 (29%) 
8.41 ± 1.2 
Pybox3Th 115 
0.02 ± 0.01 (27%) 
0.005 ± 0.001 (63%) 
0.61 ± 0.09 
PyboxCF3 1552 1.10 ± 0.09 19.97 ± 2.7 
PyboxTol 191 
0.19 ± 0.05 (68%) 
0.04 ± 0.01 (32%) 
7.25 ± 1.3 
PyboxMes 1414 1.58 ± 0.22 51.87 ± 3.2 
Pybox26OMe 652 
0.55 ± 0.11 (53%) 
0.20 ± 0.05 (47%) 
9.73 ± 2.0 
(a)Energy difference between the ligand triplet state and the Tb(III) 5D4 state located at 20490 cm-1. (b)Measured 
as the emission decay time of the Tb(III) 5D4 → 7F6 transition located at 490 nm. (c)Relative quantum yield 
compared to Cs3[Tb(dpa)3]. 
 
The effect of the ligand triplet state energies on the Tb(III) emission decay times is illustrated 
in Figure 2.22. Ligands for which the energy gap between the triplet state and the Tb(III) 5D4 
state is above 1000 cm-1 show emission decay times in the ms range. In comparison, ligands 





to an energy back transfer from the Tb(III) 5D4 state to the ligand triplet state which would 
quench the emission and shorten the lifetime. For instance, the ligand PyboxTol has a triplet 
state energy of 20681 cm-1 that is closely located to the Tb(III) 5D4 state at 20490 cm-1 which 
is consistent with the short emission decay time of around 20 µs. It should be noted that for the 
ligands PyboxFur, Pybox3Th, PyboxTol, and Pybox26OMe (all with close to the Tb(III) 5D4 
state lying triplet states) bi-exponential decay functions were obtained compared to the mono-
exponential functions for all other ligands (representative examples of emission decay curves 
can be found in Appendix, Figure A2.4). Similar results were obtained for related pybox ligands 
in the literature which was explained by an incomplete energy transfer from the ligand to the 
Tb(III) metal ions that also resulted in the presence of ligand emission.13  
 
Figure 2.22: Relationship between the ligand triplet state energy and the Tb(III) 5D4 → 7FJ 
emission decay times. 
 
The relative Tb(III) quantum yields were obtained with Cs3[Eu(dpa)3] as reference. The effect 
of the quenching of the Tb(III) emission by energy-back transfer to the ligand triplet states was 
also noticeable. Ligands with close to the Tb(III) 5D4 state lying triplet state energies show 
significant lower quantum yields compared to the ligands with a more favourable triplet state 
energy. As mentioned before, the photophysical properties of the Ln(III) complexes of the 
ligand Pybox3Th were repeated to confirm the literature findings.14 While the triplet state 





complexes show significant differences. In the literature a Tb(III) quantum yield of around 60% 
was obtained which is one of the highest reported. Herein the quantum yield was found to be 
less than one percent. It should be mentioned that the same quantum yield reference was used 
for the measurements. However, the low quantum yield of the Pybox3Th Tb(III) complex 
obtained herein seems more reasonable than the value reported in the literature (around 60%)14 
due to the close to the Tb(III) 5D4 state lying triplet state energy. 
 
2.7 Chapter summary and conclusions 
 
The aim of this chapter was to identify the influence of the ligand triplet state energy on the 
photophysical properties of pybox Eu(III) and Tb(III) complexes. A wide range of new 
substituted pybox ligands with different functional groups on the central pyridine ring were 
prepared. Two approaches for the ligand synthesis, which were already published in the 
literature but not applied to a variety of ligands, were used. In the first synthetic pathway the 
Suzuki coupling between the brominated pyridine dicarboxylic acids and boronic acids carrying 
the different substituents was the first step. However, it was found that this method resulted in 
very low yields for some boronic acids. The other method was a Suzuki coupling between a 
brominated pybox ligand and boronic acids. It was found that this method could be carried out 
for a variety of different boronic acids in moderate to good yields. Moreover, it was found that 
the pybox ligands could be easily purified by recrystallization from ethanol. In comparison the 
previous literature method used column chromatography which resulted in a partial 
decomposition of the ligand. All prepared ligands were complexed to La(III), Gd(III), Eu(III) 
and Tb(III). The formation of the 3:1 ligand to metal complexes was identified by mass 
spectrometry. The formation of this species was also seen by NMR experiments of the La(III) 
complexes. Phosphorescence spectra were obtained from the Gd(III) complexes and peak 
fitting gave the ligand triplet state energies which were applied to find their influence on the 
photophysical properties of the Eu(III) and Tb(III) complexes. The correlation between the 
triplet state energies and the relative quantum yield of the Eu(III) complexes is illustrated in 






Figure 2.23: Correlation between the ligand triplet state energy and the relative quantum 
yield of the substituted pybox Eu(III) complexes. 
 
It can be said that for pybox-related ligands the optimal triplet state energy is around 20500 cm-
1
 for which the Eu(III) complexes reached the highest quantum yield values. Ligands with triplet 
state energies below 20000 cm-1 show the lowest values indicating quenching of the emission 
by energy back transfer from the Eu(III) excited states to the ligand triplet state. For ligands 
with triplet state energies above 22000 cm-1 the energy difference between the triplet state and 
the Eu(III) excited states is too high  for an efficient energy transfer and as a result the quantum 
yield decreases. The results also show that the Eu(III) 5D1 state is the more important excited 
state and the majority of the observed emission arises from an energy transfer from the ligand 
triplet state to the 5D1 state. In case of the Tb(III) complexes (Figure 2.24) the highest quantum 
yield values were obtained for the ligand PyboxMes which has an optimal located triplet state 
at around 21700 cm-1. However, it should be noted that no linear trend between the 
photophysical properties and the triplet state energies was obtained. Nevertheless, the results 
for the pybox ligands obtained herein provide a better understanding of the energy transfer 
process and allow a fine-tuning of the photophysical properties. The relatively high quantum 







Figure 2.24: Correlation between the ligand triplet state energy and the relative quantum 
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Highly emissive, solution processable and dynamic 









During the last few decades significant progress has been made in the area of supramolecular 
polymers.1,2,3 These types of polymers, where the monomers are held together by non-covalent 
interactions, show a wide range of applications such as optical,4 biomedical,5 as well as for 
stimuli-responsive,6,7 and self-healing materials.8,9 In particular, the formation of 
macromolecular assemblies by employing a metal-ion induced self-assembly process in 
solution is of significant interest.10,11,12,13,14 These supramolecular metallo-polymers combine 
common features of traditional covalently bound polymers with the unique characteristics 
introduced by metal ions such as magnetic,15 catalytic,16 self-repairing,17 spin-crossover,18 and 
optical properties.19,20 So far, the research in this  area has mainly focused on the metal-induced 
self-assembly of d-block metals, such as Ru(II), Zn(II), Co(II) and ditopic tridentate organic 
ligands. A metal-induced self-assembly with organic ligands can also be achieved with 
lanthanide metal ions. However, the focus within that area mainly focuses on the preparation 
of lanthanide-based coordination polymers in the solid state,21,22 on self-assembled 
supramolecular metallogels,23 or on lanthanide-containing helicates in water.24,25 The use of 
lanthanides for the preparation of soluble coordination polymers has received far less attention. 
In the case of solution-phase lanthanide coordination polymers, up to three tridentate ligands 
can be coordinated to the metal centre, leading to a more branched metallo-supramolecular two- 
or three-dimensional network rather than a one-dimensional polymeric chain.26,27 One reason 
for the gap in the area of solution-processable lanthanide coordination polymers is the lack of 
available ditopic ligands which provide good coordinating properties to Ln(III) metal ions. One 
example for a ditopic water soluble ligand is shown in Figure 3.1.28 The ligand is based on two 
pyridine-2,6-dicarboxylic acid groups which are connected by tetra- or hexa-ethylene spacers 
in the 4-position of the centre pyridine ring. It has been shown that the ligand can coordinate to 
both transition metals and lanthanide ions. Furthermore, the formation of mixed lanthanide / 
transition metal coordination polymers could be achieved. Upon complexation with Zn(ClO4)2 
the bifunctional ligand can, depending on the concentration, temperature, and ligand to metal 
ratio, form linear polymers or rings.29 Viscosity measurements showed that linear polymers 
were obtained at high concentrations compared to cyclic confirmations which were present at 
low concentrations. The same flexible ditopic ligand was also used for the preparation of La(III) 







Figure 3.1: Schematic representation of the ditopic ligand and the subsequent formation of 
linear coordination polymers and dynamic coordination networks with transition metals and 
lanthanides (Figure was taken from reference28). 
 
Due to the fact that lanthanide ions can coordinate up to three ligands, a three-dimensional 
polymeric network was obtained at high concentrations, compared to the linear polymers with 
transition metals which can only coordinate two ligands. A lowering of the concentration 
resulted in the formation of a more linear structure. The dynamic behaviour of these three-
dimensional networks in solution was further investigated by adding Zn(II) ions. Upon addition 
the viscosity of the solution decreased significantly which suggested a breakdown of the 
network and the formation of branched linear structures. The dynamic behaviour of 
supramolecular coordination polymers built from ditopic ligands and transition metals is due to 
a kinetically labile coordination interaction which allows changes in the morphology when 
another stimuli such as mixed metals, other ligands or concentration variations are introduced.30 
The experiments also revealed an indication about the metal to ligand ratio needed in order to 
obtain a coordination network where all coordinating sites around the Ln(III) ions are saturated 
with ligand. It was found that a molar ratio of metal to ligand of 2:3 is the highest possible ratio 
where the coordination network reaches its maximum extension and where the solution has its 
highest viscosity. At higher metal to ligand ratios the viscosity is lower indicating that a full 
coordination around the lanthanide ions is not reached. However, one drawback of the discussed 
study is the narrow range of lanthanide ions used which focused only on La(III) and Nd(III). 
The outstanding luminescent properties of other Ln(III) complexes, especially of Eu(III) and 
Tb(III), such as long excited state lifetimes, large antenna-generated shifts, narrow emission 






Figure 3.2: Formation of coordination polymers and electrostatic micelles in solution with a 
ditopic pyridine-2,6-dicarboxylic acid ligand and Eu(III) metal ions, size of the stars 
represents the intensity of luminescence (Figure was taken from reference32). 
 
The ditopic pyridine-2,6-dicarboxylic acid ligand with the tetra-ethylene spacer (L2EO4) was 
also used for the preparation of Eu(III) coordination polymers and the impact of the ligand 
structure and morphology on the Eu(III) luminescent enhancements was investigated in 
aqueous media (Figure 3.2).32 It was found that at a ligand to metal ratio of 3:2 Eu(III) 
luminescence is visible which can be further enhanced by adding more ligand up to a ligand to 
metal ratio of 3:1. From that it was concluded that a ligand to metal ratio of 3:2 water must be 
coordinated to Eu(III) indicating that not all coordinating sites are saturated by ligand.28 This 
might be explained by the fact that the flexible spacer is forming a more linear structure in 
solution with some cyclic conformations, leaving coordinating sites around the Eu(III) metal 
ions located at the end of the coordination polymers. Furthermore, luminescence enhancement 
is also feasible by forming electrostatic micelles through mixing of the negatively charged 
L2EO4/Eu = 3/2 coordination polymers with a positively charged polyelectrolyte. In theory, 
next to ditopic ligands with flexible spacers, ditopic ligands with rigid spacers could also be 
used for the preparation of soluble Ln(III)-containing coordination polymers. An advantage 
would be that the formation of cyclic conformations can be suppressed. Coordination polymers 
of rigid ditopic ligands and transition metals have been extensively studied in solution.10 
However, no coordination polymers with rigid ditopic ligands and lanthanide ions have been 






3.2 Aims of the chapter 
 
The general aim of this chapter is the synthesis of rigid ditopic ligands and the successive 
formation of Ln(III)-containing coordination polymers via a metal-induced self-assembly 
process in solution. Figure 3.3 gives an overview of the ditopic ligands which were initially 






Figure 3.3: Overview of initially planned rigid ditopic pybox-based ligands. 
 
As coordinating site, a pybox moiety was chosen due to the good binding and photoluminescent 
properties which were obtained by monotopic pybox Ln(III) complexes.33,34 A variety of 
ligands is obtainable by incorporating different spacers which connect the two coordinating 
pybox sites. Since the ligand acts as a sensitizer for Ln(III) emission, variations of the spacer 
should have significant impact on the overall photophysical properties of the resulting 
coordination polymers in solution. Since no Ln(III)-containing coordination polymers in 
solution based on rigid ditopic ligands have been reported before the outcome of the self-
assembly process was not able to be foreseen. However, it was expected that all ligands shown 





Scheme 3.1: Schematic presentation of the expected preparation of soluble dynamic Eu(III) 
coordination polymers with the ligand DitopicPyboxPh. 
 
Scheme 3.1 shows a representative example of the expected Eu(III) coordination network 
obtained with the DitopicPyboxPh ligand. The main focus was based on the coordination with 
Eu(III) metal ions and to study the photophysical properties such as emission decay times and 
relative quantum yields. However, a variety of other Ln(III) metal ions was also considered. 
For instance, La(III) was planned to be used for NMR measurements and Gd(III) for the 
determination of the ligand triplet state energies. For all ligands and Ln(III) metal ions, samples 
in different ligand to metal ratios were planned to be prepared in order to study the effect of the 







3.3 Ligand synthesis and characterization 
 
3.3.1 Suzuki coupling pathway 
 
 
Scheme 3.2: Suzuki coupling pathway for the synthesis of DitopicPyboxPh, 
DitopicPyboxBiPh and DitopicPyboxAnth. 
 
The ditopic ligands DitopicPyboxPh, DitopicPyboxBiPh and DitopicPyboxAnth were 
prepared via Suzuki-coupling between 4-bromopyridine-2,6-bis(oxazoline) (9) and diboronic 
acid bis(pinacol) esters in a similar way to the monotopic pybox ligands described in Chapter 
2 (Scheme 3.2). In a first attempt the Suzuki coupling for the ligand DitopicPyboxPh was 
performed in a solvent mixture of DME and water with Na2CO3 as base. Under these conditions 
no indication of product formation could be observed. This might be due to the instability of 
the brominated pybox ligand under basic aqueous conditions where potential nucleophilic 
substitution in the 4-position of the centre pyridine ring might occur.33 Therefore the solvent 
system was changed to dry conditions in DMF with K3PO4 as base under which the successful 
formation of the product could be seen. At least two equivalents of the brominated pybox ligand 
compared to the boronic ester is needed for a successful reaction. However, it was found that 
experimentally at least 2.5 equivalents are needed to fully suppress the formation of by-products 





was not possible to purify the final product by column chromatography. Both, silica and 
alumina as stationary phase resulted in a decomposition of the product. However, due to the 
insolubility of the product in most solvents (except chloroform) the product could easily be 
purified by recrystallization from a chloroform / diethyl ether solution followed by washing 
with hexane and ethanol. The ligands DitopicPyboxBiPh and DitopicPyboxAnth were 
obtained in a similar way and showed the same insolubility which allowed a purification by 
washing of the crude products. 
 
3.3.2 Sonogashira coupling pathway 
 
 
Scheme 3.3: Synthetic procedure for DitopicPyboxAlkyne via a Sonogashira coupling 
reaction. 
 
Next to a Suzuki coupling, the brominated pybox ligand can also undergo Sonogashira coupling 
reactions with alkynes (Scheme 3.3). The reaction was performed with PdCl2(PPh3)2 as catalyst 
and CuI as co-catalyst in a solvent mixture of THF and DIPA. Compared to the ligands obtained 
via Suzuki coupling, it was not possible to purify the DitopicPyboxAlkyne ligand by 
recrystallization due to the good solubility in polar and non-polar solvents. Purification by 
column chromatography on alumina gave the desired product in a low yield of around 14% 
which might be due to a partial decomposition of the product on the stationary phase. 
Furthermore, complete purification was not achieved as some by-products could still be seen 
by NMR. Due to the difficulty of the purification this ligand was not used for a complexation 






3.4 Preparation of Ln(III)-containing coordination polymers 
 
3.4.1 Self-assembly process in solution 
 
All prepared ditopic ligands  are insoluble in polar solvents but show a moderate solubility in 
chloroform. On other hand the Ln(NO3)3 salts, which were used as the metal precursor for the 
self-assembly process, are only soluble in polar solvents such as acetonitrile and methanol. 
Therefore, the coordination polymers were prepared in an equal solvent mixture of chloroform 
and acetonitrile. Samples were prepared by adding ligand stock solutions in chloroform to 
Ln(NO3)3 stock solutions in acetonitrile. For all samples in different ligand to metal ratios the 
concentration of the Ln(III) metal ions was kept constant to achieve comparable results. To 
achieve a controlled self-assembly, the ligand was added dropwise to the metal ions and the 
samples were left to equilibrate for 12 hours prior to the photophysical measurements. However, 
it was found that the formation of the coordination polymers is not time dependant and that a 
shorter equilibration time did not result in any changes of the photophysical properties. 
 
3.4.2 Comparison of the experimental and theoretical ligand to metal ratio 
 
Of special interest is the ligand to metal ratio where all coordinating sites around the Ln(III) 
metal centres are occupied with ligand and the coordination network reaches its maximum 
extension. Due to the nine coordinating sites available around the Eu(III) metal ions and six 
binding sites on the ligand, the lowest expected ligand to metal ratio, where all coordinating 
sites on the metal centre are saturated, is 1.5:1. The coordination of more ligand would lead to 
the formation of individual complexes and a break-down of the network structure. This ligand 
to metal ratio was also experimentally found for comparable Ln(III) coordination polymers in 
solution with ditopic ligands.35,27 However, this approximation does not take into account the 
terminal coordinating sites of the ditopic ligands. A more precise theoretical approach is given 
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For instance, in the first coordination sphere (n = 0) three ligands are coordinated around one 
Ln(III) metal ion. In the second coordination sphere nine ligands are coordinated to four Ln(III) 
ions. For a saturated coordination polymer, where no Ln(III) ions are coordinated at the terminal 
ends of the ditopic ligands, the series converges to a ligand to metal ratio of 2:1 for a large 
number of coordination spheres. On the other hand, if the terminal ligand coordination sites are 
occupied by Ln(III) metal ions the series would converge towards a ligand to metal ratio of 1:1. 
However, the previous literature data as well as the findings described in this chapter all point 
towards a ligand to metal ratio of 1.5:1 where all the coordination network is fully build up and 
all coordinating sites around the Eu(III) metal centres are saturated. The reason from deviation 
of the theoretical value remains unclear. A possible explanation might be that at larger numbers 
of the coordination sphere the branches of the coordination network might link together. As a 







3.5 NMR titrations and DOSY NMR spectra 
 
The proof of a coordination polymer formation in solution is, in general, difficult to achieve. A 
common technique used is viscosity measurements but due to the concentration limits and the 
relatively large quantity of ligand required this method was not possible for the coordination 
polymers discussed in this chapter. ESI spectra of the Eu(III)-containing coordination polymers 
of the DitopicPyboxPh ligand were obtained but only a species where two Eu(III) metal ions 
are coordinated to one ditopic ligand could be identified (Appendix, Figure A3.1). Most likely, 
the coordination polymers will break down during the ionization process and as a result no large 
species were traceable. Herein, the coordination behaviour of the ditopic ligands and the 
influence of the ligand to metal ratio were investigated by NMR titrations. Due to the 
paramagnetic properties of Eu(III), the NMR experiments were performed with La(III) as 
diamagnetic metal ions. The peak shifts at different ligand to metal ratios for all three ditopic 
ligands are especially visible by monitoring the oxazoline signals of the pybox ligands during 
the titrations. However, the NMR spectra on their own do not completely prove the formation 
of a coordination network in solution. Therefore, diffusion-ordered DOSY NMR spectra were 





Figure 3.4 shows the NMR spectra of the titration experiments of the DitopicPyboxPh ligand 
in a solvent mixture of chloroform and acetonitrile. The changes in the NMR spectra are best 
visible by comparing the triplets of the CH2 protons on the ligand oxazoline rings. Upon 
addition of ligand to the La(III) ions, up to a ligand to metal ratio of 1:1, the formation of a first 
soluble species with two distinct triplets located at 4.83 ppm (for CH2O) and 4.28 ppm (for 
CH2N) respectively was observed. Compared to the uncoordinated ligand (triplets located at 
4.54 ppm (for CH2O) and 4.12 ppm (for CH2N)) both values are shifted downfield. Further 
addition of ligand up to a ligand to metal ratio of 1.5:1 results in a diminishing of the first 





at 4.77 ppm and 3.95 ppm. This result is in agreement with previous findings from NMR 
titrations for the monotopic pybox ligand where more addition of ligand to the La(III) metal 
centre results in a significant upfield shift of the closest to the metal lying CH2N signals.33 The 




Figure 3.4: 1H NMR titration of La(CF3SO3)3 against the DitopicPyboxPh in a mixture of 
CDCl3 and MeCN-d3 (1:1 / v:v) in different ligand to metal ratios, highlighted are the triplet 
signals of the ligand oxazoline protons CH2O and CH2N respectively. 
 
The broadening of the proton signals upon increasing the ligand to metal ratio itself can be seen 
as an indication for the formation of larger structures in solution.27 Starting at a ligand to metal 
ratio of 1.75:1 more addition of ligand does not result in further coordination to the La(III) 
metal ions. Instead the presence of uncoordinated ligand can be seen in the NMR spectra. This 
result indicates that the highest possible ligand to metal ratio for the coordination network in 
solution is 1.5:1. Additional ligand equivalents above this ratio does not result in coordination 
to the La(III) metal ions and stays in solution as free uncoordinated ligand. To confirm the 
formation of higher molecular weight structures, two-dimensional diffusion-ordered NMR 
spectra (DOSY) were obtained for the free uncoordinated ligand as well as for the sample where 





significant differences in the diffusion constants for the uncoordinated ligand (8.6 x 10-10 m2/s), 
the first species (5.6 x 10-10 m2/s) as well as the second species (3.1 x 10-10 m2/s) indicating that 
the second species is considerably larger than the first species. It can therefore be assumed that 
the second species corresponds to the formation of the soluble coordination network while the 
first species corresponds to smaller polymeric chains or oligomeric structures. 
 
 
Figure 3.5: DOSY two-dimensional diffusion ordered NMR spectra (500 MHz, 
CDCl3/MeCN-d3 = 1/1, v/v, 295 K) of the uncoordinated DitopicPyboxPh ligand (left) and a 





The NMR titration spectra for La(III) against the ligand DitopicPyboxBiPh are represented in 
Figure 3.6. In general they follow a similar trend than for the DitopicPyboxPh ligand discussed 
earlier. The changes at different ligand to metal ratios are best visible by comparing the triplet 
signals of the pybox oxazoline proton signals. The uncoordinated ligand shows two distinct 
triplets located at 4.11 ppm and 4.54 ppm belonging to the CH2N and CH2O protons. For the 
sample in a ligand to metal ratio of 0.25:1 these signals are both shifted downfield to 4.27 ppm 
and 4.84 ppm. Upon further ligand addition up to a ligand to metal ratio of 1:1 these two distinct 









triplets diminish and two new broad signals appear at around 3.93 ppm and 4.77 ppm, whereby 
the closer to the metal ion located CH2N signal shows the highest shift. These two new signals 
broaden with a further increase of the ligand to metal ratio of up to 1.5:1, which might indicate 
the formation of a larger species in solution. At a ligand to metal ratio starting at 1.75:1 two 
new triplet signals are visible which have the same shift as the uncoordinated ligand, indicating 
that no more ligand is coordinating to the La(III) metal ions. From these results, it can be 
concluded that the highest possible ligand to metal ratio achievable is 1.5:1 and that at this stage 
all coordinating sites around the La(III) metal ions are saturated by ligand. As a consequence 
the addition of more ligand above this ratio will result in the presence of uncoordinated ligand. 
Furthermore, it is obvious that there are two species present during the titration. The first species 
is formed up to a ligand to metal ratio of 1:1, whereas the other species is visible between a 
ligand to metal ratio of 1:1 and 1.5:1. 
 
 
Figure 3.6: 1H NMR titration of La(CF3SO3)3 against the DitopicPyboxBiPh in a mixture of 
CDCl3 and MeCN-d3 (1:1 / v:v) in different ligand to metal ratios, highlighted are the triplet 
signals of the ligand oxazoline protons CH2O and CH2N respectively. 
 
To further study the nature of these two species, two-dimensional DOSY spectra were recorded 





two species present in the sample in a ligand to metal ratio of 1:1 display different diffusion 
constants of around 5.0 x 10-10 m2/s and 8.2 x 10-10 m2/s, whereby the latter one belongs to the 
species which is only present up to a ligand to metal ratio of 1:1. Both values are lower than the 
diffusion constant for the uncoordinated ligand (9.1 x 10-10 m2/s). A further increase of the 
ligand to metal ratio up to 1.5:1, where only one species is present, resulted in an even lower 
diffusion constant of around 2.5 x 10-10 m2/s. These results show that at the highest possible 
ligand to metal ratio of 1.5:1 a coordination network is formed while the species in the early 
state of the ligand addition belongs to a lower molecular mass compound, presumably a 
polymeric or oligomeric structure. Furthermore, the diffusion constant of the coordination 
network depends on the ligand to metal ratio, whereby an increase of the ligand to metal ratio 
from 1:1 to 1.5:1 resulted in an increase of the diffusion constant which indicated an extension 
of the network in solution between these two ratios.  
 
 
Figure 3.7: DOSY two-dimensional diffusion ordered NMR spectra (500 MHz, 
CDCl3/MeCN-d3 = 1/1, v/v, 295 K) of the uncoordinated DitopicPyboxBiPh ligand (left), a 















Compared to the previous described ditopic ligands, the ligand DitopicPyboxAnth shows a 
much lower solubility in chloroform, which was the reason that no NMR titrations or DOSY 
spectra could be obtained. When the La(III) samples for the NMR experiments were prepared 
at low concentrations no distinct peaks (average measurement for proton spectrum of 30 min) 
were seen. At higher concentrations the formation of a precipitate was observed even for the 
samples at low ligand to metal ratios. It should also be mentioned that the ligand is not stable 
in chloroform and decomposition is observed a few minutes after sample preparation in solution.  
 
3.6 Photophysical characterization of the Eu(III) samples 
 
Eu(III)-coordination polymers were prepared according to the above mentioned procedure for 
the three ligands DitopicPyboxPh, DitopicPyboxBiPh, and DitopicPyboxAnth. Due to the 
fact that some experimental data for the ligands are not directly comparable (e.g. Eu(III)-
coordination polymers with DitopicPyboxPh do not exhibit transient absorption on the 
timescale used but related coordination polymers with DitopicPyboxBiPh do), each ligand and 
the obtained experimental data will be discussed separately first and will be compared to each 





The DitopicPyboxPh Eu(III)-containing coordination polymers were mainly characterized by 
photophysical measurements. Samples with different ligand to metal ratios were studied in 
solution using steady-state and time-resolved emission spectroscopy. Furthermore, the 
morphology and elemental composition were investigated by SEM and XPS in the solid state 
to complement the photophysical findings obtained in solution. 
 






The absorption, excitation, and steady-state emission spectra were measured for the Eu(III)-
containing samples in different ligand to metal ratios ranging from 0.25:1 to 3:1. A summary 
of the obtained data can be found in Appendix, Table A3.1. Figure 3.8 shows the obtained 
absorption spectra for both the free uncoordinated ligand and the Eu(III)-containing 
coordination polymers in different ligand to metal ratios. The free uncoordinated ligand 
DitopicPyboxPh shows an absorption maximum at around 295 nm. In comparison, the sample 
with the lowest ligand to metal ratio of 0.25:1 exhibits an absorption maxima at around 320 nm. 
If the amount of ligand is increased the absorption maxima first shift slightly up to around 322 
nm for the 1:1 sample and remain constant until a ligand to metal ratio of 1.5:1 is reached. A 
further increase of the ligand to metal ratio of up to 3:1 leads to a broadening of the spectra and 
a constantly increasing shift of the absorption maxima towards shorter wavelengths. 
 
Figure 3.8: Absorption (left) and excitation spectra λex = 615 nm (right) of solutions 
containing Eu(NO3)3 and DitopicPyboxPh in chloroform / acetonitrile (v:v / 1:1) in different 
ligand to metal ratios, 0.25:1 – 3:1. 
 
The corresponding excitation spectra (Figure 3.8) recorded at an emission wavelength of 615 
nm, correlate well with the shifts observed in the absorption spectra for ligand to metal ratios 
ranging from 0.25:1 to 1.5:1. A further addition of ligand did not result in changes to the 
excitation spectra. It should be noted that the obtained excitation spectra are not corrected with 
regards to the spectral response of the spectrometer detector and as a result the maxima for the 
absorption and excitation can be located at slightly different wavelengths. These spectral 
changes obtained in the absorption and excitation spectra can be interpreted as following; - At 
low ligand to metal ratios of up to 1.5:1, all of the ligand is coordinated and experiences a 





The shift of the absorption maxima towards shorter wavelengths at higher ligand to metal ratios 
than 1.5:1 can be explained by the contribution of non-coordinated ligand in the solution. The 
fact that the excitation spectra show no shift above ligand to metal ratios of 1.5:1 further 
underlines this assumption due to the fact that only coordinated ligands are able to transfer 
energy to the metal centres and consequently only coordinated ligands contribute to the 
emission. As a result free uncoordinated ligand in the solution does not affect the excitation 
spectra but does result in a shift of the absorption maxima. Furthermore, this conclusion is 
coherent with the results obtained by NMR titrations of the related La(III)-containing 
coordination polymers which showed that the highest possible ligand to metal ratio, where all 
coordinating sites around the metal centres are occupied, is 1.5:1 and that further addition of 
ligand resulted in the presence of uncoordinated ligand. 
 
Figure 3.9: Absorption spectra of the Eu(III) coordination polymers with ligand to metal 
ratios 1.75:1 – 4:1 after subtraction of the absorption spectrum of the ligand to metal ratio 
1.5:1 sample – including spectrum of the uncoordinated ligand (left); Job’s plot from UV-vis 
absorption measurements at different proportions of ligand and metal ions at a constant 
concentration of 3 x 10-4 mol/L and a wavelength of 340 nm (right). 
 
To further justify this conclusion the absorption spectrum at a ligand to metal ratio of 1.5:1 
(where all ligand is coordinated) were subtracted from the absorption spectra at ligand to metal 
ratios of 1.75:1 up to 4:1 (Figure 3.9). The subtraction resulted in a similar absorption spectrum 
as the free non-coordinated ligand. In the absorption measurements described above the 
concentration of metal ions was kept constant while the ligand was added in variable amounts. 
Performing the absorbance measurements under Jobs plot conditions (Figure 3.9), where the 
total concentration of ligand and metal ions was kept constant, is another way to determine the 





be measured at a wavelength where the presence of uncoordinated ligand does not contribute 
to the overall absorbance, and therefore the absorbance was measured at a wavelength of 340 
nm. These measurements gave the same result as the subtracted absorption spectra that the 
highest possible ligand to metal ratio is 1.5:1. At higher ligand to metal ratios the presence of 
free uncoordinated ligand (even though the relative concentration of ligand increased) did not 
contribute to the absorbance measured at 340 nm and since the amount of Eu(III) metal ions 
relative to the ligand is lowered the absorbance declined. All samples show a bright red 
emission upon UV-excitation which is characteristic for Eu(III) coordination compounds. For 
the steady-state emission spectra a wavelength at the onset of the coordinated ligand absorption 
(355 nm) was chosen to avoid excitation of free uncoordinated ligand and to be consistent with 
the 355 nm laser excitation used for the time-gated emission measurements described later in 
this chapter. Figure 3.10 shows a representative steady-state emission spectrum for the sample 
with a ligand to metal ratio of 1.5:1. Upon UV-excitation of the ditopic pybox ligands at 355 
nm, emission peaks located at 579, 592, 616, 650, and 689 nm are seen which can be assigned 
to the typical Eu(III) 5D0 → 7FJ (J = 0 – 4) emission peaks.31 
 
Figure 3.10: Corrected steady-state emission spectrum (λex = 355 nm) for the sample with a 
ligand to metal ratio of 1.5:1 (left) together with correlation of integrated intensity and ligand 
to metal ratio (inset) and comparison of the intensity ratios (R) of the 5D0 → 7F2 and 5D0 → 
7F1 Eu(III) transitions for different ligand concentrations (right) as well as Gaussian fit for a 
typical  5D0 → 7F0 transition (inset). 
 
For all samples in different ligand to metal ratios the emission intensity was integrated over the 
five observable transitions (inset). Up to a ligand to metal ratio of 1.5:1 the emission intensity 
constantly rose and remained constant at higher ligand to metal ratios. This confirms the fact 





centres and consequently no further contribution to the overall emission intensity is observable. 
For all the emission spectra measured a single symmetrical peak at 579 nm, corresponding to 
the 5D0 → 7F0 transition, can be seen, indicating that only one major emitting species is present 
in solution (Figure 3.10 inset).37 Furthermore, the presence of this transition suggests that Eu(III) 
is a non-centrosymmetric site.38 As outlined in Chapter 1, differences in the site symmetry 
around the Eu(III) metal ions can be calculated from the intensity ratios (R) of the emission 
lines corresponding to the 5D0 → 7F2 and 5D0 → 7F1 transitions due to the fact that the 5D0 → 
7F1 transition (592 nm) is an allowed magnetic dipole symmetry independent transition 
compared to the more prominent hypersensitive 5D0 → 7F2 transition (616 nm) which is 
symmetry dependant.39 Herein the obtained emission intensity ratios (Appendix, Table A3.1) 
slightly decreases with increasing concentration of ligand of up to a ligand to metal ratio of 1:1, 
indicating that the order of the symmetry around the Eu(III) metal centre increases.40 The fact 
that these changes can only be seen at low ligand to metal ratios confirms the findings from 
NMR titration, that at the early stage of the ligand addition (up to around a ligand to metal ratio 
of 1:1) a species which is different from that obtained at higher ligand to metal ratios can be 
observed. DOSY experiments led to the assumption that this initial species might be a 
polymeric chain where two ligands are coordinated to one metal ion rather than an extended 
network where three ligands are coordinated. From this point of view it is reasonable that this 
geometric change affect the emission intensity ratios whereby the species with three 
coordinated ligands to one metal ion has a higher symmetry. 
 
5D0 → 7FJ emission decay times 
 
The emission decay lifetimes were measured in chloroform / acetonitrile, chloroform / methanol 
and chloroform / deuterated methanol solvent mixtures. All emission decay lifetimes for the 
samples in different ligand to metal ratios are in the ms range (Table 3.1), which is consistent 
for pybox-related Eu(III) coordination compounds.33 For all three solvent mixtures the emission 
decay curves can be fitted to mono-exponential functions, indicating that only one major 
emitting species is present in solution. This result is consistent with the shape of the overall 
Eu(III) emission spectra where only one symmetrical 0-0-transition was found, indicating that 
the emission spectra as well as the resulting lifetimes come from one species in solution. 
Representative examples for emission decay curve fitting in the different solvent mixtures at a 





However, it is obvious that the lifetimes show significant changes upon changing the solvent 
mixture as well as the ligand to metal ratio (Figure 3.12). 
 
Table 3.1: Excited state lifetimes τ in different solvent mixtures and number of coordinated 
water molecules (q) of the DitopicPyboxPh Eu(III)-coordination polymers in different ligand 










0.25 : 1 1.08 ± 0.03 0.77 ± 0.05 2.00 ± 0.04 1.68 
0.5 : 1 1.23 ± 0.06 0.85 ± 0.03 1.96 ± 0.03 1.40 
0.75 : 1 1.51 ± 0.03 1.02 ± 0.04 1.96 ± 0.05 0.99 
1 : 1 1.64 ± 0.07 1.12 ± 0.05 1.96 ± 0.05 0.80 
1.25 : 1 1.72 ± 0.03 1.20 ± 0.06 1.94 ± 0.04 0.67 
1.5 : 1 1.78 ± 0.05 1.29 ± 0.03 1.94 ± 0.05 0.55 
1.75 : 1 1.80 ± 0.06 1.33 ± 0.04 1.97 ± 0.04 0.51 
2 : 1 1.83 ± 0.04 1.35 ± 0.05 1.96 ± 0.04 0.48 
2.25 : 1 1.85 ± 0.05 1.36 ± 0.04 2.00 ± 0.04 0.49 
2.5 : 1 1.83 ± 0.06 1.36± 0.06 2.00 ± 0.05 0.49 
2.75 : 1 1.84 ± 0.05 1.34 ± 0.03 2.00 ± 0.04 0.52 
3 : 1 1.83 ± 0.03 1.35 ± 0.05 2.02 ± 0.04 0.52 
(a)Measured in CHCl3 : MeCN (1:1 / v:v) solvent mixture. (b)Measured in CHCl3 : MeOH (1:1 / v:v) solvent 
mixture. (c)Measured in CHCl3 : MeOD-d4 (1:1 / v:v) solvent mixture. (d)Calculated from lifetime measurements 
in MeOH and MeOD-d4 according to Horrock’s equation. 
 
   
Figure 3.11: Typical Eu(III) excited state decay curves and mono-exponential fitting curves 
in different solvent systems (λex = 355 nm, recorded at 615 nm). 
 
Up to a ligand to metal ratio of 1.5:1 to 1.75:1 the emission lifetime in a chloroform / acetonitrile 





addition. These changes in the lifetimes might be due to the coordination of water molecules to 
Eu(III) which are known to quench the emission.41 
 
Figure 3.12: Comparison of Eu(III) excited state decay curves in different solvent systems for 
all samples with error bars (λex = 355 nm, recorded at 615 nm). 
 
The possible water coordination was investigated by lifetime measurements in chloroform / 
methanol and chloroform / deuterated methanol from where the number of directly coordinated 
water molecules (q) to the Eu(III) metal ions can be estimated using Horrock’s equation.42 The 
lifetimes in chloroform / methanol are slightly shorter but show a similar trend to that in 
chloroform / acetonitrile while the lifetimes in chloroform / deuterated methanol do not change 
significantly upon changing in the ligand to metal ratios. As a result, the calculated number of 
coordinated water molecules (q) constantly decreases with an increase of the ligand to metal 
ratio up to 1.5:1 where it reaches a value close to 0. The fact that, the number of water molecules 
decreases with an increase of the ligand to metal ratio suggests than at the early stage of ligand 
addition (e.g. low ligand to metal ratio) not all coordinating sites around the Eu(III) metal centre 
are occupied by ligand. As a result water can coordinate and quench the Eu(III) emission. At a 
ligand to metal ratio of around 1.5:1 all coordinating sites around the Eu(III) metal centre are 
occupied by ligand and therefore no water can coordinate and no quenching can be observed 
anymore. This result is also in agreement with the DOSY NMR results where for the samples 
up to a ligand to metal ratio of 1:1 a polymeric morphology was assumed while for the samples 
at higher ligand to metal ratios a network morphology was expected. To obtain a polymeric 





ion. The possibility of water coordinating is removed when a coordination network is formed 
at higher ligand to metal ratios, as observed by DOSY NMR experiments. 
Relative / intrinsic quantum yield, radiative lifetime, and sensitization efficiency 
 
Next to the emission decay lifetimes, the overall quantum yield of the Eu(III) emission is 
another important parameter to determine the applicability of the ditopic ligand as sensitizer for 
Ln(III) emission applications. Herein, the relative emission quantum yields were measured 
against the established reference Cs3[Eu(dpa)3].43,44 The quantum yield was determined from 
the slope of the linear trend between absorption and the corrected integrated overall emission 
intensity (Figure 3.13) 
 
 
Figure 3.13: Concentration dependence of the integrated emission intensity (5D0 → 7FJ (J = 0 
– 4)) on absorbance for different metal to ligand ratios and their linear fits used for quantum 
yield calculations. 
 
Another important parameter is the efficiency of the energy transfer from the ditopic ligand to 
the Eu(III) metal centre (ηsens). This parameter is not directly accessible via spectroscopic 
methods but can be derived from the relative quantum yield, the emission decay times and the 
shape of the overall emission spectrum. A detailed description of these calculations can be 
found in Chapter 1. The obtained and calculated results are listed in Table 3.2. Up to a ligand 
to metal ratio of 1.5:1 to 1.75:1 the quantum yield constantly increases from around 36% at a 
ligand to metal ratio of 0.25:1 up to around 73% at a ligand to metal ratio of 1.75:1. More ligand 





ratio of 3:1. The initial increase of the quantum yield is comparable with the increase of the 
emission decay lifetimes (Figure 3.14). 
Table 3.2: Relative and intrinsic quantum yield, radiative lifetime and sensitization efficiency 












0.25 : 1 34.6 ± 2.6 2.41 ± 0.09 45 77 
0.5 : 1 45.5 ± 3.4 2.49 ± 0.11 50 92 
0.75 : 1 51.2 ± 3.8 2.59 ± 0.07 58 88 
1 : 1 58.6 ± 4.3 2.67 ± 0.13 62 95 
1.25 : 1 66.2 ± 4.7 2.70 ± 0.08 64 104 
1.5 : 1 72.1 ± 5.2 2.72 ± 0.06 66 110 
1.75 : 1 73.4 ± 4.1 2.70 ± 0.11 67 110 
2 : 1 66.8 ± 4.5 2.75 ± 0.12 67 100 
2.25 : 1 60.4 ± 4.2 2.77 ± 0.08 67 91 
2.5 : 1 56.2 ± 3.7 2.78 ± 0.12 66 86 
2.75 : 1 48.8 ± 3.2 2.80 ± 0.10 66 74 
3 : 1 42.6 ± 2.7 2.80 ± 0.07 66 65 
(a)Relative quantum yield compared to Cs3[Eu(dipic)3]. (b)Calculated from the average values. 
 
The increase of the emission decay lifetimes can be explained by a reduced emission quenching 
by coordinated water molecules. Since this quenching pathway also affects the quantum yield, 
both the emission decay times as well as the quantum yield can be explained by the fact that at 
low ligand to metal ratios no extended coordination network is formed. The fact that the 
quantum yield drops at higher ligand to metal ratios might be surprising but this result actually 
does not reflect the real quantum yield. A disadvantage of the quantum yield standard used 
herein is that the excitation wavelength is fixed at 279 nm, which falls into the absorption of 
the uncoordinated ligand. Since it has been shown earlier that after all coordinating sites around 
the Eu(III) metal centres are occupied by ligand, the addition of more ligand leads to the 
presence of uncoordinated ligand in solution, it is reasonable to assume that the decrease of the 
quantum yield is a result of competitive absorption of uncoordinated ligand in solution. The 
real quantum yield of the coordination network, which is present next to the uncoordinated 





Figure 3.14: Relative Eu(III) emission quantum yields and Eu(III) emission lifetimes (left) / 
intrinsic Eu(III) quantum yields (right) for different ligand to metal ratios in chloroform / 
acetonitrile. 
 
The radiative lifetime, which factors out all other quenching pathways next to the Eu(III) 
emission, is steadily increasing up to a ligand to metal ratio of 1.75:1 and remains at a similar 
value of around 2.8 ms for higher ligand to metal ratios. This value for the radiative lifetime is 
in good agreement with comparable literature values which were found to be around 3 ms.45 
This increase is not surprising due to the fact that the radiative lifetime is calculated from the 
ratio of the integrated 5D0 → 7F1 peak and the integrated overall corrected emission.46 It has 
been shown earlier that the intensity ratio of the 5D0 → 7F1 and 5D0 → 7F2 transitions decreases 
which is also reflected in the value of the radiative lifetime but in an inverse order, leading to 
an increase with increasing ligand to metal ratios. The intrinsic quantum yields (Φintrinsic), which 
were calculated from the pure radiative lifetime and the measured emission decay times, is the 
quantum yield of the direct excitation of Eu(III) and reflects the extent of non-radiative 
deactivation processes such as quenching by coordinated water molecules. Herein, the obtained 
intrinsic quantum yields increase from about 45% at a ligand to metal ratio of 0.25:1 up to 
around 66% at a ligand to metal ratio of 1.5:1 and remain constant at higher ligand to metal 
ratios (Figure 3.14). As the calculation of the intrinsic quantum yield does not take into account 
the presence of uncoordinated ligand in solutions at ligand to metal ratios higher than 1.5:1, no 
decrease of the value is observable and therefore represents the real behaviour in solution. 
Lastly the sensitization efficiency (ηsens) was calculated from the ratio of the relative and 
intrinsic quantum yield.47 It should be mentioned that for the sample in a ligand to metal ratio 
of 1.5:1 the sensitization efficiency reaches 100%, showing that the new ditopic ligand is a 





theoretically impossible can be attributed to the empirical formulas used for the calculation. 
Interestingly the values for the sensitization efficiency at low ligand to metal ratios do not reach 
a value of 100%. Since the effect of water quenching is already taken into account during the 
calculation of the intrinsic quantum this effect cannot arise from quenching pathways of the 
Eu(III) metal ions and is therefore expected to be induced by the ligand. A possible explanation 
for this lower sensitization efficiency might be that the triplet state energies of the samples in a 
lower ligand to metal ratio are located at higher energies than for the sample in a ligand to metal 
ratio of 1.5:1. As a result the energy transfer process from the triplet state to the Eu(III) metal 
ions might be less efficient explaining the lower values of the sensitization efficiency. A more 
detailed overview of the triplet state measurements will be given later in this chapter. 
 
5D1 → 7FJ emission spectra and lifetimes 
 
Next to the 5D0 → 7FJ transitions discussed above, Eu(III) emission can also be observed via 
the 5D1 → 7FJ transitions. These type of transitions are considerably less studied which is due 
to the fact that they cannot be observed by normal steady-state emission spectroscopy. Instead, 
time-gated emission spectroscopy needs to be used. Figure 3.15 shows a representative 
emission map of the sample in a ligand to metal ratio of 1.5:1, recorded in the early stage of the 
Eu(III) emission with a time delay between 100 ns and 10 µs. A time gate of 500 ns was used 
to avoid overexposure of the longer-living 5D0 → 7FJ transitions.  
 
 
Figure 3.15: Representative time-gated emission map recorded between a time delay of 100 






Figure 3.16: Time-gated emission maps for the 5D1 → 7FJ (J = 0 – 3) / 5D0 → 7FJ (J = 0 -4) 
transition recorded for time delays of 100 ns and 10 µs (left) and 5D1 → 7FJ (J = 0 – 3) 
emission decay and 5D0 → 7F2 rise time curves for a sample in a ligand to metal ratio of 1.5:1. 
 
As can be seen clearly three shorter living spectral lines are present in the spectral range 
between 500 to 600 nm as compared to the spectral lines corresponding to the 5D0 → 7FJ 
transitions. These transitions could be identified as 5D1 → 7FJ (J = 0 – 3) transitions, which are 
located at 526, 536, 556 and 584 nm.48 For a better illustration of the spectral changes, the 
overlap of the spectra with a time delay of 100 ns and 10 µs are shown in Figure 3.16. The 
spectrum with a time delay of 100 ns shows the presence of the 5D1 → 7F0 transition, which has 
a lower intensity compared to the more dominant 5D1 → 7FJ (J = 1 – 3) transitions. It should be 
noted that due to the short time gate comparable reported spectra have a relatively poor 
resolution and as a result the 5D1 → 7F0 transition was not visible.48 Herein, the spectra were 
accumulated 512 times for each delay time to obtain a better signal to noise ratio. From the 
location of the 5D1 → 7F0 transition (526 nm), the energy of the Eu(III) 5D1 state can be 
estimated to be around 19011 cm-1, which is in good agreement with theoretical studies on 
Eu(III) coordination compounds.49 Another important aspect is the rise of the emission intensity 
at 616 nm corresponding to the 5D0 → 7F2 transition at the timescale similar to the decay of the 
5D1 → 7FJ transitions. To further study this phenomenon, the emission decay curves in the early 
stage of the Eu(III) emission were recorded for the 5D1 → 7FJ (J = 1 – 3) and the 5D0 → 7F2 
transitions (Figure 3.16). In the case of the sample in a ligand to metal ratio of 1.5:1, all the 5D1 
→ 7FJ (J = 1 – 3) transitions have a similar emission decay time of around 755 ns, which is 
reasonable as they all originate from the Eu(III) 5D1 state. Interestingly, the emission rise time 
for 5D0 → 7F2 recorded between 0 and 4 µs is with 744 ns in a similar range than the 5D1 → 7FJ 





from the 5D1 state. To determine the percentage of the 5D0 population by the 5D1 state, the initial 
intensity of the 5D0 → 7F2 transition at time zero (initial population of the 5D0 state) and the 
intensity when it reached its highest value (initial population plus contribution from the 5D1 
state) was set in correlation. In the case of the sample in a ligand to metal ratio of 1.5:1 it was 
found that around 30% of the 5D0 state is originally populated by the ligand triplet state and 
around 70% from the energy transfer from the 5D1 state. The data for the 5D1 → 7FJ emission 
decay and 5D0 → 7F2 emission rise times as well as the 5D1 – 5D0 population percentage are 
summarized in Table 3.3 (examples of 5D0 → 7F2 emission rise curves can be found in Appendix, 
Figure A3.3). 
 
Table 3.3: 5D1 → 7FJ emission decay times, 5D0 → 7F2 emission rise times in the early stage 
and relative population of the 5D0 state by the 5D1 state of the DitopicPyboxPh Eu(III)-
containing coordination polymers in different ligand to metal ratios. 
Ligand to 
metal ratio 
τ 5D1 → 7FJ 
(ns)(a) 
τ 5D0 → 7F2 
(ns)(b) 
5D1 – 5D0  
population 
(%)(c) 
0.25 : 1 1167 1145 69.3 
0.5 : 1 1105 1042 72.9 
0.75 : 1 960 894 69.9 
1 : 1 786 759 68.9 
1.25 : 1 738 739 71.1 
1.5 : 1 755 744 70.4 
1.75 : 1 742 740 70.1 
2 : 1 757 755 72.6 
2.25 : 1 746 739 69.1 
2.5 : 1 762 753 70.8 
2.75 : 1 754 748 71.5 
3 : 1 759 755 69.8 
(a)Excited state lifetimes of the 5D1 → 7FJ (J = 1 – 3) transitions measured with a time delay of 100 ns and time 
gate width of 10 µs. (b)Signal rise times fitted from the overall 5D0 → 7F2 emission decay curves between 0 and 
5 µs. (c)Calculated from the ratio of the initial and maximal emission intensity of the 5D0 → 7F2 transition. 
 
It was found that the 5D1 → 7FJ (J = 1 – 3) emission decay times as well as the 5D0 → 7F2 





remain constant at higher ligand to metal ratios. On the other hand, the population percentage 
of the Eu(III) 5D0 state by the 5D1 state remains nearly constant. Due to the lack of sufficient 
studies it remains unclear what exactly causes a quenching of the Eu(III) 5D1 state. It is generally 
believed that water quenching mainly affects the 5D0 state as seen earlier in this chapter. Instead, 
the emission decay times of the Eu(III) 5D1 state might be more affected by the coordination 
environment around the metal centre.50 This would be reasonable to assume because, as seen 
earlier, the morphology, and as a result the coordination environment for the samples in low 
ligand to metal ratios is different (polymeric species) than for the coordination network at higher 
ligand to metal ratios. However, it cannot be completely excluded that the effect of water 
quenching also affects these emission decay times, which would also be in agreement with the 
findings above where the presence of coordinated water was identified for the samples in low 
ligand to metal ratios. All in all the findings about the presence of the 5D1 → 7FJ (J = 1 – 3) 
transitions shows that the triplet state of the DitopicPyboxPh ligand can transfer energy to both, 
the Eu(III) 5D1 and 5D0 state. Moreover, it was shown that the main contribution for the more 
prominent longer living 5D0 → 7FJ (J = 0 – 4) arises from the 5D1 state. This result is rather 
important since the dominant view on Eu(III) coordination compounds is that the location of 
the ligand triplet state compared to the Eu(III) 5D0 state mainly determines the overall 
photophysical properties. Since it was shown herein that the majority of the 5D0 state is 
populated by the 5D1 state the actual energy difference between the ligand triplet state and the 
Eu(III) 5D1 state should be taken into account as well. If the difference is too narrow an energy 
back transfer from the Eu(III) 5D1 state to the ligand triplet state might occur (as seen later for 
the DitopicPyboxBiPh ligand). However, in case of the DitopicPyboxPh Eu(III) coordination 
polymers it can be assumed that the ligand triplet state has a favourable energy level to allow 
an efficient energy transfer to the Eu(III) 5D1 / 5D0 states, explaining the high quantum yields 
and ligand sensitization efficiencies. 
 
Morphology and elemental composition in the solid state 
 
One important aspect that is not described above is the dilution stability and the concentration 
dependency of the coordination polymer formation in solution. The concentration dependency 
was investigated by dilution of the samples in different ligand to metal ratios. In the case of the 
sample in a ligand to metal ratio of 1.5:1 the dilution did not result in changes of the overall 





→ 7F1 emission intensity ratios (Appendix, Figure A3.4). This indicates that the photophysical 
properties do not depend on the concentration of the Eu(III) metal ions and ditopic ligand 
concentration in solution. However, it was found that a high concentration of ligand used during 
the sample preparation a solid is formed when a ligand to metal ratio of around 1.5:1 is reached. 
This seems reasonable as at higher concentrations the size of the coordination network increases 
until it reaches a critical mass and precipitates from the solution. On the other hand, at low 
ligand to metal ratios, e.g. where no extensive coordination network is formed, high 
concentrations of ligand do not result in a precipitate. That also means that the photophysical 
properties do not depend on the size of the coordination polymers in solution, which makes 
sense since these properties are determined by the coordination environment around the Eu(III) 






C 64.0 at% 
O 27.0 at% 
N 8.9 at% 
Eu 1.3 at% 
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Figure 3.17: SEM image (left) and elemental analysis by XPS (right) of the precipitate 
formed from solutions at higher concentrations in a ligand to metal ratio of 1.5:1. 
 
The morphology of the above described Eu(III)-containing coordination polymers is mainly 
based on DOSY NMR experiments, which were underlined by photophysical studies in solution. 
To get a better understanding, the morphology of the sample in a ligand to metal ratio of 1.5:1 
was investigated by SEM (Figure 3.17). The sample for the SEM image was prepared in 
solution with a high concentration of ligand, whereby a light yellow precipitate was formed 
when a ligand to metal ratio of 1.5:1 was reached. The obtained SEM image of the dried solid 
showed the formation of a porous three-dimensional network which is coherent with the 






is formed. The ligand to metal ratio in the solid state was determined by XPS elemental analysis. 
From the ratio of the europium and carbon atomic percentages, the number of carbon atoms 
around one Eu(III) metal centre can be calculated. Carbon was chosen instead of nitrogen 
because under the assumption that errors introduced by carbon-containing solvent molecules is 
lower than the error introduced by an unknown amount of nitrate counterions. Given the fact 
that the DitopicPyboxPh ligand has 28 carbon atoms, the ligand to metal ratio of the 
coordination network in the solid state was determined to be 1.75:1. This result is in good 
agreement with the experimental value of 1.5:1 obtained in solution. Therefore it can be 
assumed that the findings in solution match with the findings in the solid state, whereby the 





The DitopicPyboxBiPh Eu(III)-containing coordination polymers were characterized in a 
similar fashion than the above described Eu(III)-containing coordination polymers of the 
DitopicPyboxPh ligand. For all samples in different ligand to metal ratios, steady-state and 
time-gated experiments were performed in solution. Furthermore, transient absorption 
spectroscopy was applied to investigate the energy transfer process from the ligand to the Eu(III) 
metal centres. 
 
Absorption, excitation, and steady-state emission spectra 
 
Similar to the data obtained for the DitopicPyboxPh ligand, the absorption, excitation, and 
steady-state emission spectra for DitopicPyboxBiPh Eu(III)-containing coordination polymers 
were obtained for ligand to metal ratios ranging from 0.25:1 to 3:1. A summary of the results 
can be found in Appendix, Table A3.1. The absorption spectra for all samples are represented 
in Figure 3.18. The uncoordinated ligand DitopicPyboxBiPh has an absorption maximum at 
315 nm. Compared to that, the sample in a ligand to metal ratio of 0.25:1 exhibits a ligand 





up to a ligand to metal ratio of 1:1. Higher ligand to metal ratios lead to a broadening of the 
spectra and a constant shift towards shorter wavelengths of the absorption maximum. 
 
Figure 3.18: Absorption spectra of solutions containing Eu(NO3)3 and DitopicPyboxBiPh in 
chloroform / acetonitrile (v:v / 1:1) in different ligand to metal ratios, 0.25:1 – 3:1 (left) and 
absorption spectra of the Eu(III) coordination polymers with ligand to metal ratios 1.75:1 – 
4:1 after subtraction of the absorption spectrum of the ligand to metal ratio 1.5:1 sample – 
Spectrum of the uncoordinated ligand is shown as well (right). 
 
These findings are similar to the comparable data for the DitopicPyboxPh ligand described 
earlier. Up to ligand to metal ratios of 1.5:1 all ligand coordinates to the Eu(III) metal centres. 
At this point all coordinating sites around the Eu(III) metal ions are saturated with ligand. For 
ligand to metal ratios starting at 1.75:1 the additional ligand is not able to coordinate anymore 
and stays in solution as uncoordinated ligand causing the shift of the absorption spectrum 
towards shorter wavelengths. This result was confirmed by measuring the absorption spectra 
under Job’s plot conditions measured at a constant wavelength of 375 nm (Appendix, Figure 
A3.5) where at a ligand fraction of 0.6 (corresponding to a ligand to metal ratio of 1.5:1) the 
maximum of the binding event occurred. Furthermore, the subtraction of the absorption spectra 
for ligand to metal ratios ranging from 1.75:1 to 4:1 by the absorption spectrum in a ligand to 
metal ratio of 1.5:1 resulted in absorption spectra similar to that of the uncoordinated ligand. 
One difference from the data obtained for the DitopicPyboxPh ligand is the slight shift of the 
absorption maxima for the ligand to metal ratios between 0.25:1 and 1.5:1. Since the 
DitopicPyboxBiPh ligand has two phenyl rings as spacer between the coordinating pybox 
moieties, this might be explained by changes of the ligand conjugation. As seen by DOSY NMR 
experiments, at low ligand to metal ratios, the DitopicPyboxBiPh is expected to form a 





a more three-dimensional coordination network is formed the ditopic ligand might be in a more 
planar orientation, increasing the conjugation as well as the location of the absorption maximum. 
It should be noted that for the ligand DitopicPyboxPh the shift in the absorption spectrum up 
to a ligand to metal ratio of 1.5:1 was not visible which might be due to the higher rotational 
freedom of the spacer phenyl rings in the DitopicPyboxBiPh ligand.The ligand singlet state 
energies were calculated from the absorption onset and found to be between 26385 cm-1 and 
25316 cm-1 for ligand to metal ratios ranging from 0.25:1 to 1.5:1. This shift is in agreement 
with the shift of the absorption maxima. The excitation spectra (Appendix, Figure A3.6), which 
were obtained at an emission wavelength of 615 nm, showed similar behaviour to the absorption 
spectra. Up to a ligand to metal ratio of 1.5:1 a slight shift of the excitation maximum is visible. 
Higher ligand to metal ratios did not result in changes of the excitation spectra. The 
photophysical properties were further investigated by steady state emission measurements. All 
samples show a bright red emission upon UV-excitation which is characteristic for Eu(III) 
coordination compounds. Upon UV-excitation of the ditopic pybox ligands at 370 nm, emission 
peaks located at 579, 592, 616, 650, and 689 nm are seen which can be assigned to the typical 
Eu(III) 5D0 → 7FJ (J = 0 – 4) transitions.31 The presence of the 5D0 → 7F0 transition suggests 
that Eu(III) is a non-centrosymmetric site (Appendix, Figure A3.7).38 As discussed before, 
differences in the site symmetry around the Eu(III) metal ions can be calculated from the 
intensity ratios (R) of the emission lines corresponding to the 5D0 → 7F2 and 5D0 → 7F1 
transitions.39 Herein the obtained emission intensity ratio slightly decreases with increasing 
concentration of ligand up to a ligand to metal ratio of 1:1, indicating that the order of the 
symmetry around the Eu(III) metal centre increases (Appendix, Table A3.2).40 The fact that 
these changes can only be seen at low ligand to metal ratios confirms the findings from NMR 
titration and that at the early stage of the ligand addition (up to around a ligand to metal ratio 
of 1:1) a species which is different from the one obtained at higher ligand to metal ratios can 
be observed. Similar to the findings for the DitopicPyboxPh ligand, DOSY experiments led to 
the assumption that this initial species might be a polymeric chain where two ligands are 










5D0 → 7FJ emission decay times 
 
The emission decay times for all samples in different ligand to metal ratios were measured in 
solvent mixtures of chloroform and acetonitrile / methanol / deuterated methanol (Table 3.4). 
Except for the acetonitrile and deuterated methanol sample in a ligand to metal ratio of 0.25:1, 
the emission decay curves for all three solvent systems can be fitted to bi-exponential decay 
functions (examples of emission decay curves can be found in Appendix, Figure A3.8). This 
indicates that at least two different emitting species are present in solution. For all samples the 
two lifetimes are found to be in a relatively low ms range, whereby the longer living species 
accounts for about 90% contribution to the overall emission decay curves. 
Table 3.4: Excited state lifetimes τ in different solvent mixtures and number of coordinated 











0.25 : 1 τ1 
τ2 
0.83 ± 0.06 
 
0.51 ± 0.04 (97%) 
0.15 ± 0.03 (3%) 




0.5 : 1 
τ1 0.82 ± 0.06 (92%) 0.40 ± 0.06 (90%) 1.00 ± 0.04 (96%) 3.11 
 τ2 0.30 ± 0.02 (8%) 0.14 ± 0.08 (10%) 0.22 ± 0.05 (4%) 
0.75 : 1 
τ1 0.85 ± 0.05 (82%) 0.50 ± 0.10 (86%) 0.90 ± 0.05 (83%) 1.86 
 τ2 0.22 ±0.09 (12%) 0.21 ± 0.05 (14%) 0.25 ± 0.04 (17%) 
1: 1 
τ1 0.75 ± 0.04 (77%) 0.48 ± 0.07 (84%) 0.92 ± 0.05 (88%) 2.09 
 τ2 0.12 ± 0.01 (23%) 0.19 ± 0.07 (16%) 0.23 ± 0.07 (12%) 
1.25 : 1 
τ1 0.80 ± 0.05 (81%) 0.55 ± 0.10 (80%) 0.90 ± 0.04 (86%) 1.46 
 τ2 0.12 ± 0.03 (19%) 0.28 ± 0.06 (20%) 0.27 ± 0.06 (14%) 
1.5 : 1 
τ1 0.84 ± 0.04 (89%) 0.54 ± 0.07 (92%) 0.94 ± 0.06 (91%) 1.66 
 τ2 0.15 ± 0.03 (11%) 0.21 ± 0.04 (8%) 0.16 ± 0.05 (9%) 
1.75 : 1 
τ1 0.82 ± 0.03 (92%) 0.47 ± 0.05 (85%) 0.87 ± 0.10 (91%) 2.09 
 τ2 0.15 ±0.05 (8%) 0.21 ± 0.04 (15%) 0.19 ± 0.06 (9%) 
2 : 1 
τ1 0.83 ± 0.06 (95%) 0.49 ± 0.05 (78%) 0.89 ± 0.08 (89%) 1.93 
 τ2 0.15 ±0.06 (5%) 0.21 ± 0.05 (22%) 0.20 ± 0.07 (11%) 
2.25 : 1 
τ1 0.89 ± 0.05 (95%) 0.49 ± 0.06 (80%) 0.84 ± 0.07 (87%) 1.82 





2.5 : 1 
τ1 0.86 ± 0.06 (96%) 0.47 ± 0.05 (83%) 0.81 ± 0.08 (80%) 1.88 
 τ2 0.10 ±0.02 (4%) 0.21 ± 0.06 (17%) 0.18 ± 0.07 (20%) 
2.75 : 1 
τ1 0.91 ± 0.06 (96%) 0.56 ± 0.10 (79%) 0.87 ± 0.10 (86%) 1.35 
 τ2 0.18 ±0.05 (4%) 0.20 ± 0.06 (11%) 0.20 ± 0.06 (14%) 
3 : 1 
τ1 0.93 ± 0.07 (96%) 0.61 ± 0.11 (81%) 0.82 ± 0.13 (88%) 0.88 
τ2 0.16 ±0.02 (4%) 0.26 ± 0.06 (19%) 0.21 ± 0.05 (12%) 
(a)Measured in CHCl3 : MeCN (1:1 / v:v) solvent mixture. (b)Measured in CHCl3 : MeOH (1:1 / v:v) solvent 
mixture. (c)Measured in CHCl3 : MeOD-d4 (1:1 / v:v) solvent mixture. (d)Calculated from the long emission 
decay lifetimes in MeOH and MeOD-d4 according to Horrock’s equation. 
 
 
Figure 3.19: Comparison of Eu(III) excited state decay curves in different solvent systems for 
all samples with error bars (λex = 355 nm, recorded at 615 nm). 
 
The longer living emission decay times for all samples in the three solvent mixtures are 
illustrated in Figure 3.19. On average, the values obtained in a solvent mixture of chloroform / 
methanol were found to be lower than the values obtained in chloroform / deuterated methanol. 
This result is not surprising as methanol can quench Eu(III) emission while this quenching 
effect can be suppressed in deuterated methanol.51 Interestingly, the data revealed that the 
ligand to metal ratio does not affect the overall emission decay times, which are found to be in 
a similar range for all samples. This result is rather surprising as the comparable data for the 
Eu(III)-containing coordination polymers with the DitopicPyboxPh ligand showed clear 





DitopicPyboxBiPh ligand. The number of coordinated water molecules on the Eu(III) metal 
centres was calculated from the lifetimes in methanol and deuterated methanol using Horrocks 
equation assuming that the emission decay is limited by water quenching. All values were found 
to be between around one to three. These data suggest that there is no difference between the 
samples and that the ligand to metal ratio does not affect the photophysical properties. On the 
other hand, the results of the NMR titrations, DOSY NMR and absorption spectra showed that 
the Eu(III)-containing polymers for the DitopicPyboxBiPh samples behave in the same way as 
the DitopicPyboxPh samples. Therefore, the emission decay times in this particular case might 
not be representative to support the hypothesis that the highest possible ligand to metal ratio is 
1.5:1. A possible explanation is that there might be another quenching mechanism of the Eu(III) 
5D0 state which has a stronger effect than the water quenching and which is not affected by the 
ligand to metal ratio. However, the exact mechanism remains unclear. 
 
Relative / intrinsic quantum yield, radiative lifetime, and sensitization efficiency 
 
The relative and intrinsic quantum yields, radiative lifetimes as well as the sensitization 
efficiency for the sample in different ligand to metal ratios were obtained in a similar way to 
the ligand DitopicPyboxPh complexes described above. The data are summarized in Table 3.5. 
 
Table 3.5: Relative and intrinsic quantum yield, radiative lifetime and sensitization efficiency 












0.25 : 1 11.78 ± 2.3 2.58 ± 0.10 30.24 38.97 
0.5 : 1 19.70 ± 1.4 2.66 ± 0.16 31.61 62.32 
0.75 : 1 19.53 ± 1.9 2.79 ± 0.07 29.27 66.71 
1 : 1 18.60 ± 2.5 2.85 ± 0.08 26.03 71.47 
1.25 : 1 19.60 ± 1.2 2.89 ± 0.12 28.77 68.13 
1.5 : 1 20.78 ± 2.9 2.87 ± 0.03 29.54 70.33 
1.75 : 1 18.99 ± 1.8 2.90 ± 0.14 29.06 65.36 
2 : 1 18.53 ± 2.1 2.92 ± 0.09 28.44 65.16 
2.25 : 1 15.93 ± 3.1 2.92 ± 0.11 28.91 55.12 





2.75 : 1 13.45 ± 1.6 2.93 ± 0.15 30.15 44.61 
3 : 1 12.42 ± 1.7 2.91 ± 0.13 30.83 40.29  
(a)Relative quantum yield compared to Cs3[Eu(dipic)3].(b)Calculated from the average values. 
 
Relative quantum yields were measured against Cs3[Eu(dpa)3] as reference. Except for the 
sample in a ligand to metal ratio of 0.25:1, the samples in a ligand to metal ratios up to 1.5:1 
show a similar quantum yield of around 20%. For higher ligand to metal ratios the quantum 
yield declines which is consistent with the presence of uncoordinated ligand absorption. The 
significantly lower value for the quantum yield compared to the ligand DitopicPyboxPh 
indicates that the energy transfer process for the ligand DitopicPyboxBiPh is less efficient. The 
quantum yield does not depend on the ligand to metal ratio used. For the ligand 
DitopicPyboxPh the rise of the quantum yield was explained by a decline of coordinated water 
molecules to the Eu(III) metal ions.  Herein, it was not possible to determine the number of 
coordinated water molecules because the emission decay times in different solvent systems 
were in a similar range for all samples in different ligand to metal ratios. The fact that the 
emission quantum yield is also not changing indicates that instead of emission quenching by 
water molecules another, more prominent, quenching pathway is present. As a result the Eu(III) 
emission decay times as well as the relative quantum yields for the ligand DitopicPyboxBiPh 
do not depend on the ligand to metal ratio and no changes were observed. The radiative lifetimes 
were calculated from the integrated intensity ratios of the corrected emission spectra.52 As 
discussed above the intensity ratios of the 5D0 → 7F2 / 5D0 → 7F1 transitions decreases with an 
increase of the ligand to metal ratio. As a result the radiative lifetimes slightly increase from 
about 2.6 ms to 2.9 ms from ligand to metal ratios ranging from 0.25:1 to 1.5:1 and remain 
constant afterwards. The intrinsic quantum yields were obtained from the ratio of the radiative 
and observed lifetimes. Since the observed emission decay times are similar for all samples in 
different ligand to metal ratios, the calculated intrinsic quantum yields are also in a similar range 







Figure 3.20: Relative Eu(III) emission quantum yields and intrinsic Eu(III) quantum yields 
(right) for different ligand to metal ratios in chloroform / acetonitrile. 
These relatively low values support the above stated assumption that a major quenching 
pathway is present which accounts for about 70% of non-radiative emission loss. The ligand 
sensitization efficiencies were calculated from the ratio of the intrinsic and relative quantum 
yields.53 Since non-radiative quenching pathways are already taken into account in the 
calculation of the intrinsic quantum yield, the sensitization efficiency represents the efficiency 
of the energy transfer from the ligand to the Eu(III) metal ions. The efficiencies for the samples 
up to ligand to metal ratios of 1.5:1 are around 60% to 70% (except for the sample in a ligand 
to metal ratio of 0.25:1 which has a lower value). For the samples in ligand to metal ratios above 
1.5:1 the efficiency decreases due to the lower quantum yields which result from the 
competitive absorption of uncoordinated ligand. The obtained sensitization efficiencies for the 
DitopicPyboxBiPh ligand are, although lower than for the DitopicPyboxPh samples, are in a 
reasonable range and comparable to literature values for other Eu(III) complexes.37 
 
5D1 → 7FJ emission properties and transient absorption spectra 
 
The 5D1 → 7FJ (J = 1 – 3) emission spectra were obtained using time-resolved spectroscopy for 
all samples of the ligand DitopicPyboxBiPh in different ligand to metal ratios. Using a time 
delay of 100 ns and a time gate of 500 ns resulted in emission signals at 536, 556, and 584 nm 






Figure 3.21: Time-gated emission spectra for the 5D1 → 7FJ (J = 0 – 3) / 5D0 → 7FJ (J = 0 -4) 
transition recorded at time delays of 100 ns and 10 µs (left) and 5D1 → 7FJ (J = 0 – 3) 
emission and 5D1 → 7F2  decay curves for a sample in a ligand to metal ratio of 0.25:1. 
 
Compared to the spectrum obtained for the ligand DitopicPyboxPh (Figure 3.16), which was 
obtained under the same experimental conditions, the intensity of the 5D1 → 7FJ peaks is much 
lower. The emission decay times of the 5D1 → 7FJ transitions is similar to the 5D0 → 7F2 rise 
time, indicating that the Eu(III) 5D0 state is partially populated from the 5D1 state. The 
percentage of the 5D0 population originated from 5D1 was calculated from the intensity of the 
rise time at time zero and when it reached its maximum. The data for the emission decay times 
and population percentages for all samples are summarized in Table 3.6. Interestingly it was 
found that both values depend on the ligand to metal ratio used. Furthermore, the values for the 
5D1 → 7FJ emission decay times are in the ns range, which is significantly lower than the µs 
lifetimes of the ligand DitopicPyboxPh.  
 
Table 3.6: 5D1 → 7FJ emission decay times, 5D0 → 7F2 emission rise times in the early stage of 
the emission, relative population of the 5D0 state by the 5D1 state and triplet-triplet absorption 
as well as ground state bleaching lifetimes of the DitopicPyboxBiPh Eu(III)-containing 
coordination polymers in different ligand to metal ratios. 
Ligand to 
metal ratio 
τ 5D1 → 7FJ 
(ns)(a) 
τ 5D0 → 7F2 
(ns)(b) 









0.25 : 1 195 186 72 175 181 
0.5 : 1 164 182 76 157 174 
0.75 : 1 115 112 68 114 129 





1.25 : 1 81 81 53 75 81 











1.75 : 1 82 76 55 79 76 
2 : 1 78 73 54 78 72 
(a)Excited state lifetimes of the 5D1 → 7FJ (J = 1 – 3) transitions measured with a delay of 100 ns and gate width 
of 10 µs. (b)Signal rise times fitted from the overall 5D0 → 7F2 emission decay curves between 0 and 5 µs. 
(c)Calculated from the ratio of the initial and final emission intensity of the 5D0 → 7F2 transition (error of the 
measurement was around 5%). (d)Values in brackets measured at 77 K. 
 
Herein the 5D1 → 7FJ decay as well as the 5D0 → 7F2 rise times are decreasing from about 200 
ns at a ligand to metal ratio of 0.25:1 to around 70 ns for the sample in a ligand to metal ratio 
of 1.5:1 and remain constant for higher ligand to metal ratios. The 5D1 – 5D0 population 
percentages follow a similar trend with a decrease from around 70% to around 50% (examples 
of 5D0 → 7F2 rise curves can be found in Appendix, Figure A3.9). Surprisingly all samples 
showed the presence of a transient absorption signal. This is unexpected because the energy 
transfer rate from the triplet state to the Eu(III) metal centres is fast compared to the emission 
decay times or non-radiative processes. As a result, the triplet state should be depopulated 
quickly and no transient signal should be seen. The decay time of the triplet-triplet absorption 
signal as well as the rise time of the ground state bleaching signal were measured and it was 
found that both decrease with an increase of the ligand to metal ratio. Moreover, both values 
are similar to the 5D1 → 7FJ decay time as well as the 5D1 → 7F2 rise time. This indicates an 
energy back transfer from the Eu(III) 5D1 state to the ligand triplet state. The measurements of 
these values were repeated at a temperature of 77 K for the sample in a ligand to metal ratio of 
1.5:1. It was found that the 5D1 → 7FJ decay time as well as the 5D1 → 7F2 rise time are 
prolonged to over 1 µs. Also the population percentage of the 5D0 by the 5D1 state increased to 
around 70%. (Appendix, Figure A3.10) Both results indicate that at 77 K the energy back 
transfer is inhibited. This is also underlined by the fact that at 77 K no transient signal was 







Figure 3.22: Transient absorption spectra recorded at room temperature and 77 K of the 




The Eu(III) samples in different ligand to metal ratios for the ligand DitopicPyboxAnth were 
prepared in the same way as for the other two ditopic ligands discussed above. The absorption 
spectrum of the uncoordinated ligand shows three peaks located at 357, 375, and 395 nm which 
are characteristic for anthracene groups (Figure 3.23).54 Upon metal coordination these three 
peaks experience no shift. On the other hand an absorption tail appears which causes a shift of 
the absorption towards longer wavelengths. This is in agreement with a change from colourless 
to yellow of the solution upon addition of metal ions to the ligand. The absorbance of the tail 
increases with an increase of the ligand to metal ratio up to around 2:1. Afterwards the 
absorbance remains constant showing that no ligand is coordinating anymore. Upon UV-
excitation all samples did not show the characteristic Eu(III) emission indicating that no energy 
transfer from the ligand to the metal takes place. Instead blue fluorescence is observed, whereby 
the fluorescence from the uncoordinated and coordinated ligand are similar (Figure 3.23). From 
the excitation spectrum it was found that the absorption tail from the coordinated ligand did not 
contribute to the fluorescence. However, the electronic properties of the ligand are not 





can be observed makes this ligand less suitable for a more in depth study of the photophysical 
properties. 
 
Figure 3.23: Absorption (left) and excitation / emission spectra (right) of the 
DitopicPyboxAnth Eu(III) samples in different ligand to metal ratios (absorption and 






3.7 Phosphorescence and transient absorption measurements 
 
The triplet-state energies of the ligands DitopicPyboxPh and DitopicPyboxBiPh were 
determined using phosphorescence measurements from coordination polymers containing 
Gd(III) metal ions at 77K. The samples in different ligand to metal ratios were prepared in a 
similar manor to the Eu(III) coordination polymers described above. Furthermore, in this case 






Phosphorescence measurements and ligand triplet-state determination 
 
Phosphorescence cannot be observed from the Eu(III)-containing coordination polymers due to 
the efficient energy transfer from the triplet state to the Eu(III) metal centre. This problem can 
be overcome by using Gd(III), where the triplet state is still populated due to the heavy metal 
effect, but no energy transfer to the metal can occur. However, to compare the findings for the 
Gd(III)-containing coordination polymers it must first be ensured that they behave in a similar 
way to the Eu(III)-containing coordination polymers described above. The absorption spectra 
of all samples in different ligand to metal ratios follow a similar trend to that for the Eu(III)-
related samples (Figure 3.24). Compared to the uncoordinated ligand (295 nm) the absorption 
maxima of the coordinated ligand at a ligand to metal ratio of 0.25:1 is shifted towards longer 
wavelengths (321 nm). Up to a ligand to metal ratio of 1.5:1 a further slight shift towards longer 
wavelengths up to 324 nm is observable. A further increase of the ligand to metal ratio of up to 
3:1 leads to a broadening of the spectra and a constantly increasing shift of the absorption 
maxima towards shorter wavelengths. To determine the highest possible ligand to metal ratio, 
absorption measurements under Job’s plot conditions were performed (Figure 3.24), which 






Figure 3.24: Absorption spectra for different ligand to metal ratios (left) and Job’s plot from 
UV-vis absorption measurements at different proportions of ligand and metal ions at a 
constant concentration of 3 x 10-4 mol/L at a wavelength of 350 nm (right). 
 
These results showed that the Gd(III)-related samples behave in a similar way to the Eu(III)-
related samples whereby a ligand to metal ratio of 1.5:1 is needed to saturate all coordinating 
sites around the Gd(III) metal centres. Higher ligand to metal ratios lead to the presence of 
uncoordinated ligand in solution. The singlet state energies, which were obtained by the 
intersection of the absorption and fluorescence spectra (Figure 3.25), decrease from 28637 cm-
1
 at a ligand to metal ratio of 0.25:1, to 28331 cm-1 at a ligand to metal ratio of 1.5:1 and then 
remain fairly constant afterwards.  
Figure 3.25: Absorption and emission spectra of the DitopicPyboxPh Gd(III) samples in a 
ligand to metal ratio of 1.5:1 (left) and fluorescence spectra of the other samples in different 
ligand to metal ratios (right). 
 
It should be noted that the absorption spectra of the Gd(III) and Eu(III) samples have similar 





metal ions are in a similar range (differences are due to the fact that the singlet energies for the 
Eu(III) samples are determined by the absorption onset due to the lack of fluorescence spectra). 
The fluorescence spectra of the samples between a ligand to metal ratio of 0.25:1 and 1.5:1 are 
also slightly shifted towards longer wavelengths, which is in good agreement with the shift of 
the absorption spectra. The fact that the fluorescence is observable for the Gd(III)-samples 
shows that the energy transfer from the ligand singlet state to the triplet state is not completely 
efficient. Phosphorescence spectra were obtained by measurements at 77 K in a cryostat. An 
illustrative phosphorescence spectrum of the sample in a ligand to metal ratio of 1.5:1 is shown 
in Figure 3.26.  
 
 
Figure 3.26: Absorption, fluorescence and phosphorescence spectra for the sample in a ligand 
to metal ratio of 1.5:1 (fluorescence spectrum measured at 77 K is shown as well). 
 
As expected, the phosphorescence spectrum is, compared to the fluorescence spectrum, further 
shifted towards longer wavelengths. The triplet state energy was calculated by peak fitting the 
phosphorescence whereby the position of the peak at the shortest wavelength was taken to 
calculate the triplet state energy. For the sample in a ligand to metal ratio of 1.5:1 the triplet 
state energy was found to be at around 19600 cm-1. Interestingly, the overall location and shape 
of the phosphorescence spectra and triplet state energies depend on the ligand to metal ratio 
used (Figure 3.27, Table 3.7). At low ligand to metal ratios up to 0.75:1 the phosphorescence 
spectra are broader, compared to the phosphorescence spectra at higher ligand to metal ratios 





Table 3.7: Overview of the ligand singlet and triplet state energies for the DitopicPyboxPh 
Gd(III) samples in different ligand to metal ratios. 
Ligand to 
metal ratio 
Singlet state(a) Triplet state(b) 
(nm)(c) (cm-1) (nm) (cm-1) 
0.25 : 1 349.2 28638 ± 164 486.37 ± 5.41 20562 ± 227 
0.5 : 1 350.50 28531 ± 163 490.44 ± 3.42 20390 ± 142 
0.75 : 1 350.75 28511 ± 163 505.07 ± 6.72 19802 ± 166 
1 : 1 352.28 28387 ± 161 512.72 ± 2.76 19504 ± 105 
1.25 : 1 352.93 28335 ± 161 509.86 ± 3.63 19614 ± 140 
1.5 : 1 352.97 28332 ± 161 510.71 ± 4.33 19581 ± 166 
1.75 : 1 353.05 28325 ± 160 509.92 ± 3.45 19612 ± 133 
2 : 1 353.00 28329 ± 161 507.97 ± 5.91 19688 ± 228 
(a)Measured as the 0 – 0 transition from the absorption and fluorescence of the Gd(III) samples. (b)Calculated 
from the highest energy peak obtained by Gaussian fitting of the phosphorescence spectra. (c)Error of the 
measurement was around 2 nm. 
 
Also the obtained triplet state energies between ligand to metal ratios of 0.25:1 to 1.5:1 decrease 
by about 1000 cm-1. This result is rather surprising since the phosphorescence spectra are 
determined by the ligand. In theory the triplet state energies and the shape of the 
phosphorescence spectra should be constant, as the same ligand is used for the preparation of 
all samples. A possible explanation for these results might be the rotational flexibility of the 
ligand. As discussed earlier, in the early stages of the ligand addition a polymeric chain is 
formed while for ligand to metal ratios above 1:1 a three-dimensional network morphology is 
assumed. Since the central phenyl spacer of the DitopicPyboxPh ligand is flexible it might be 
that within the polymeric chain this spacer is out of plane to the coordinating pybox moieties. 
On the other hand in the coordination network the ligand might be in a more planar morphology 
which would explain the lower values for the triplet state energies. Furthermore it can be 
assumed that these morphological differences of the ligand on the ligand to metal ratio is also 
present in solution at room temperature as this would also explain the slight shift towards higher 
wavelengths in the absorption spectra between ligand to metal ratios of 0.25:1 and 1:1 (a more 
planar ligand would have a higher conjugation and therefore display a higher absorption 
maximum). Furthermore, these changes in the morphology and triplet states might also explain 
the decrease of the ligand sensitization efficiency of the Eu(III) samples with increasing ligand 





transfer and therefore a lower sensitization efficiency. Consequently, if the triplet state energy 
is lowered at increasing ligand to metal ratios the energy transfer from the ligand triplet state to 




Figure 3.27: Phosphorescence spectra and peak fitting DitopicPyboxPh Gd(III) samples in 
different ligand to metal ratios (recorded with a time delay of 500 µs and a time gate of 1 ms). 
 
It should be noted that the ligand triplet state energies appear to be a slightly too low for an 
efficient energy transfer that would justify the high quantum yields for the Eu(III)-containing 
coordination polymers. For instance, the energy difference between the Eu(III) 5D0 state and 
the triplet state for the sample in a ligand to metal ratio of 1.5:1 would only be around 2300 cm-
1





Values for an efficient energy difference between the ligand triplet state energy and the Eu(III) 
5D0 state are expected to be around 2500 – 3000 cm-1.55 For instance the triplet state energy of 
a related monotopic thiophene-derivatized pybox ligand, which displayed a comparable Eu(III) 
quantum yield of around 76%, was found to be around 21000 cm-1.34 Given the fact, that the 
quantum yields reported for the Eu(III) coordination polymers with the DitopicPyboxPh ligand 
reported herein are in a similar range, the triplet state energy difference is about 1500 cm-1 
lower. This might be due to different ligand triplet state energy at room temperature and at 77 
K. Since it is not possible to measure the phosphorescence spectra at room temperature, the 
location of the fluorescence spectra should give an indication about the temperature dependency 
of the triplet state energies. Figure 3.26 shows the fluorescence spectra at room temperature and 
at 77 K for the sample in a ligand to metal ratio of 1.5:1. The later spectrum was recorded under 
time-gated conditions in the early stage of the emission and possesses a lifetime in the ns range. 
Therefore it can be assumed that it belongs to the ligand fluorescence instead of the ligand 
phosphorescence which should have a lifetime in the ms range. It is obvious that the 
fluorescence spectrum at 77 K is shifted towards longer wavelengths compared to the 
fluorescence spectrum at room temperature. Therefore, a similar shift would be expected for 
the phosphorescence, e.g. at room temperature the phosphorescence spectrum would be located 
at a shorter wavelength. As a result the triplet state energy in solution at room temperature 
would be located at higher energies which would then be more realistic to explain the efficient 
energy transfer for the Eu(III)-containing coordination polymers. 
 
Transient absorption spectra 
 
Transient absorption spectroscopy was applied to all Gd(III)-containing coordination polymers 
in different ligand to metal ratios. All samples displayed a similar transient signal with an 
absorption maximum at around 530 nm as well as a signal for the ligand ground state bleaching 
at around 330 nm. Figure 3.28 shows a spectral absorption map for the sample in a ligand to 
metal ratio 1.5:1 for time delays between 50 ns and 2 µs. It can be seen that the decay times of 
the transient signal is similar to the rise time of the ground state bleaching. This, as well as the 
presence of an isosbestic point at around 365 nm, shows that an energy transfer occurs from the 
ligand excited singlet state to a ligand transient state. Figure 3.29 shows a representative 





ground state bleaching for the sample in a ligand to metal ratio of 1.5:1 which are both found 
to be around 1 µs.  
 
 
Figure 3.28: Transient absorption map recorded between time delays of 50 ns and 2 µs for 
the DitopicPyboxPh Gd(III) sample in a ligand to metal ratio of 1.5:1. 
 
Figure 3.29: Triplet-triplet absorption decay time and ground-state bleaching rise time for the 
sample in a ligand to metal ratio of 1.5:1 (left) as well as amplitude of the triplet-triplet 
absorption at time zero for all samples (right). 
 
The transient signal can be assigned to the triplet-triplet absorption of the ligand from which 
also the above described phosphorescence emission takes place. To confirm this assignment, 
the sample solution was degassed. The main quencher of the triplet state at room temperature 
is oxygen.56 Upon degassing of the solution the triplet state absorption decay times increased 





solutions reduces oxygen concentration and as a result triplet state decay time increases. The 
ligand to metal ratio does not affect the values for the decay time of the transient signal as well 
as the rise time of the ground state bleaching and for all samples a value of 1 µs was obtained 
(Table 3.8). This confirms that the main quencher of the triplet state is oxygen. 
 
Table 3.8: Triplet-triplet absorption decay times, amplitudes at time zero and ground-state 
bleaching rise times for the DitopicPyboxPh Gd(III) samples in different ligand to metal ratios. 
Ligand to 
metal ratio 
Triplet-triplet absorption Ground state bleaching 
(µs)(a) (µs)(a) Amplitude 
0.25 : 1 0.88 0.0069 0.98 
0.5 : 1 1.06 (44)(b) 0.0289 1.06 (41)(b) 
0.75 : 1 0.88 0.0466 0.98 
1 : 1 0.99 (40)(b) 0.0466 0.97 (43)(b) 
1.25 : 1 1.01 0.0887 0.95 
1.5 : 1 1.06 (47)(b) 0.1058 0.97 (48)(b) 
1.75 : 1 1.04 0.1123 1.01 
2 : 1 1.05 (49)(b) 0.1118 1.03 (45)(b) 
(a)Error of the measurement was around 0.1 µs. (b)Values in brackets were recorded in degassed solutions. 
 
This is not surprising as the ligand to metal ratio does not affect the extent of the oxygen 
diffusion and should therefore not affect the triplet-triplet decay as well as the ground state 
bleaching rise times. On the other hand, the ligand to metal ratio did affect the amplitude of the 
triplet-triplet absorption (Figure 3.29). The amplitude value constantly increased up to a ligand 
to metal ratio of 1.5:1 and plateaued at higher ligand to metal ratios. A possible explanation is 
that the DitopicPyboxPh ligand on its own displays no transient signal, as in the absence of a 
heavy metal no energy transfer to the triplet state takes place. A transient signal can only be 
obtained if the ligand coordinates to the Gd(III) metal ions. Therefore the value of the triplet-
triplet absorption amplitude can be taken as an indication of when no further ligand addition 
occurs. Up to a ligand to metal ratio of 1.5:1 all ligand is coordinated to the Gd(III) metal ions 
and leads to increase of the triplet-triplet absorption amplitude. At higher ligand to metal ratios 
the additional ligand does not coordinate anymore and stays as uncoordinated ligand in solution 
which does not contribute to the transient signal. Therefore this finding is another confirmation 





metal centres are occupied by ligand and where the extent of the network formation is 
maximized. 
 
3.7.2 DitopicPyboxBiPh  
 
 
The determination of the triplet state energies for DitopicPyboxBiPh Gd(III)-containing 
coordination polymers is outlined in a similar way to the comparable DitopicPyboxPh samples. 
The data for the singlet and triplet state energies for the samples in different ligand to metal 
ratios are shown in Table 3.9.  
 
Table 3.9: Overview of the ligand singlet and triplet state energies for the DitopicPyboxBiPh 
Gd(III) samples in different ligand to metal ratios. 
Ligand to 
metal ratio 
Singlet state(a) Triplet state(b) 
(nm)(c) (cm-1) (nm) (cm-1) 
0.25 : 1 386.79 25854 ± 134 490.47 ± 4.86 20390 ± 201 
0.5 : 1 388.54 25738 ± 132 502.89 ± 6.80 19887 ± 269 
0.75 : 1 390.86 25585 ± 131 521.75 ± 1.60 19167 ± 59 
1 : 1 393.75 25397 ± 129 529.92 ± 2.24 18871 ± 80 
1.25 : 1 394.84 25327 ± 128 531.82 ± 2.86 18804 ± 101 
1.5 : 1 394.79 25330 ± 128 534.59 ± 2.00 18706 ± 70 
1.75 : 1 396.45 25224 ± 127 532.16 ± 2.46 18791 ± 87 
2 : 1 394.09 25375 ± 129 532.39 ± 2.12 18783 ± 74 
(a)Measured as the 0 – 0 transition from the absorption and fluorescence of the Gd(III) samples. (b)Calculated 
from the highest energy peak obtained by Gaussian fitting of the phosphorescence spectra. (c)Error of the 
measurement was around 2 nm. 
 
The absorption spectra are illustrated in Figure 3.30. Compared to the uncoordinated ligand, 
which has an absorption maximum at around 315 nm, the absorption maximum of the sample 
in a ligand to metal ratio of 0.25:1 is shifted to around 345 nm. Up to a ligand to metal ratio of 





1.5:1 a broadening of the spectrum and a shift of the absorption maximum towards lower 
wavelengths can be seen. This result is similar to the Eu(III) containing samples and can be 
explained by the fact that at ligand to metal ratios higher than 1.5:1, no ligand is coordinating 
anymore to the metal centres. Instead the ligand remains in the solution as uncoordinated ligand, 
explaining the shift of the absorption towards lower wavelengths. This was confirmed by 
measuring the Job’s plot which confirmed that the highest possible ligand to metal ratio is at 
around 1.5:1.  
 
Figure 3.30: Absorption spectra for different ligand to metal ratios (left) and Job’s plot from 
UV-vis absorption measurements at different proportions of ligand and metal ions at a 
constant concentration of 3 x 10-4 mol/L at a wavelength of 380 nm (right). 
 
All samples show fluorescence upon UV-excitation. Compared to the uncoordinated ligand 
which has an emission maximum located at around 375 nm, the emission maximum of the 
coordinated ligand is shifted to around 430 nm for the sample in a ligand to metal ratio of 0.25:1 
(Appendix, Figure A3.11). An increase of the ligand to metal ratio of 1.25:1 resulted in a further 
shift of the emission maximum towards longer wavelengths, which is consistent with the shift 
of the absorption spectra. It should be noted that the absorption spectra of the Gd(III) samples 
is similar to the Eu(III) samples and as a result it can be concluded that the obtained triplet state 
energies can be applied to the Eu(III) compounds. The singlet state energies, which were 
calculated from the intersection of the absorption and fluorescence spectra, show a slight 
decrease by about 500 cm-1 between a ligand to metal ratio of 0.25:1 and 1:1, and remain fairly 
constant afterwards. The phosphorescence spectra were obtained from the frozen Gd(III) 
samples at 77 K. The fluorescence at 77 K was obtained and compared to the emission at room 






Figure 3.31: Absorption, fluorescence and phosphorescence spectra for the sample in a ligand 
to metal ratio of 1.5:1 (fluorescence spectrum measured at 77 K is shown as well). 
 
As can be seen, the shape and location of the fluorescence is similar indicating that the 
electronic properties of the ligand are not changing upon cooling down to 77 K. As a result it 
can also be assumed that the obtained triplet state energies are in the same range at room 
temperature as well as in the frozen solution. The triplet state energies were obtained by peak 
fitting of the phosphorescence spectra (Figure 3.32). It was found that, similar to the ligand 
DitopicPyboxPh described before, the triplet state energies depend on the ligand to metal ratio. 
Between ligand to metal ratios of 0.25:1 and 1:1 the triplet state energy is constantly decreases 
from about 20400 cm-1 to 18800 cm-1 and remains constant at the latter value for higher ligand 
to metal ratios. Since the same ligand was used for the preparation of all samples, the changes 
of the triplet state energy can only be explained by different morphologies of the ligand. For 
instance, at low ligand to metal ratios a more polymeric morphology is expected where the 
coordinating pybox moieties might be out of plane compared to the phenyl spacer groups. As a 
result the conjugation of the ligand would be lowered. On the other hand, when the ligand is 
coordinated within a three-dimensional network the pybox groups as well as the phenyl spacer 
might be more conjugated which results in a lowering of the triplet state energy. The location 
of the triplet state energy also explains the low emission decay times of the Eu(III) 5D1 → 7FJ 
transitions, the low population percentages of the Eu(III) 5D0 state by the 5D1 state as well as 
the presence of a transient absorption signal of the Eu(III) samples. For the sample in a ligand 
to metal ratio of 1.5:1 the triplet state (18706 cm-1) is located near the Eu(III) 5D1 state (19020 





the Eu(III) 5D1 state is possible. At the same time energy back transfer from the 5D1 state to the 
ligand triplet state is possible. As a result the emission from the 5D1 state is quenched and the 
population percentage of the 5D0 state by the 5D1 state decreased. It would also explain the 
presence of the triplet-triplet absorption signal as the triplet state gets repopulated by the 5D1 
state. On the other hand this does not explain why the triplet-triplet absorption of Eu(III) 
samples disappear at liquid nitrogen temperature. In fact if the triplet state energy is located 
below the Eu(III) 5D1 state then emission from this state should not be seen at low temperatures 
because thermal population is reduced. However, in solution at room temperature the triplet 




Figure 3.32: Phosphorescence spectra and peak fitting DitopicPyboxBiPh Gd(III) samples in 





3.8 Dynamic behaviour of the DitopicPyboxPh Eu(III) samples 
 
The dynamic behaviour of the coordination polymers in solution was investigated by titrations 
with other Ln(III) metal ions. For all titrations the Eu(III) sample of the ligand DitopicPyboxPh 
in a ligand to metal ratio of 1.5:1 was chosen because at this ratio the coordination sphere around 
the metal ions is completely saturated with ligand. It has been shown above that the coordination 
network can be built up by the addition of ligand to Eu(III) metal ions whereby the 
photophysical properties depend on the ligand to metal ratio. In a first experiment it was 
examined whether the coordination network can be broken by the addition of further Eu(III) 
metal ions. It was found that the emission decay times as well as the 5D0 → 7F2 / 5D0 → 7F1 
intensity ratios both decrease, indicating that the symmetry of the network is changing and that 
new coordinating sites with possible water coordination are created. However, the dynamic 
behaviour by the addition of Eu(III) results in the reverse results which were obtained by the 
building up of the coordination network. Therefore, similar experiments were performed with 
Tb(III) and Sm(III), which are two other luminescent lanthanide ions. Upon the addition of both 
metal ions to the Eu(III) sample in a ligand to metal ratio of 1.5:1 the integrated intensity of the 
europium emission constantly decreases (Figure 3.33). The quenching of the emission might 
be due to a breakdown of the coordination network and the replacement of Eu(III) metal ions 
by Tb(III) or Sm(III). The fact that the Eu(III) ions can be replaced indicates the dynamic 
behaviour of the coordination bond.  
 
Figure 3.33: Steady-state emission spectra of a typical titration experiment of the 







The structural changes of the coordination network in solution can also be seen by the 
increasing Eu(III) intensity ratios as well as a shortening of the emission decay times (Appendix 
Figure A3.12). However, the addition of Tb(III) and Sm(III) did not lead to the appearance of 
additional emission signals under steady-state conditions belonging to a second lanthanide ion. 
In the case of Tb(III) this can be explained by the ligand triplet state energy (around 19500 cm-
1
 for the sample in a ligand to metal ratio of 1.5:1) which is too low for an energy transfer to 
the higher energy located Tb(III) 5D4 state (20500 cm-1).57 In the case of Sm(III), energy transfer 
is possible due to the lower excited Sm(III) 4G5/2 state (around 18021 cm-1).58 The absence of 
the characteristic Sm(III) emission lines might be due to the fact that they usually display 
emission decay times in the micro-second range compared to the milli-second scale of Eu(III). 
Therefore, time-resolved emission spectroscopy was used for the titrations with Sm(III). Upon 
the addition of Sm(III) metal ions three additional emission lines located at 561, 594, and 642 
nm, belonging the 4G5/2 → 6HJ/2 (J = 5, 7, 9) transitions can be seen (Appendix, Figure A3.13). 
Since Sm(NO3)3, did not give emission, the signals must belong to coordinated Sm(III) metal 
ions. This means that a partial replacement of Eu(III) metal ions takes place and shows the 
reversibility of the coordination bond between the ditopic ligand and Ln(III) metal ions. Also 
the intensity of the Sm(III) emission compared to the Eu(III) emission increases with further 
amounts of Sm(III) added, indicating a further replacement of Eu(III). 
 
 
Figure 3.34: Time-gated emission spectra of the DitopicPyboxPh Eu(III) sample in a ligand 






3.9 Chapter summary and conclusions 
 
In this chapter the preparation of Ln(III)-containing supramolecular coordination polymers 
based on a new class of rigid ditopic ligands was discussed. Three new pybox-related ligands 
were prepared based on a Suzuki coupling reaction with boronic bis(pinacol) esters and a 
brominated pybox ligand. It was found that for a successful reaction a non-aqueous solvent 
system and K3PO4 as base can be used. All three ligands can easily be purified by washing with 
different solvents and do not require other purification techniques. On the other hand, it was 
not possible to prepare pure ditopic ligands by a Sonogashira coupling reaction. The three 
ligands were coordinated with a variety Ln(IIII) metal ions in different ligand to metal ratios 
and the photophysical properties were investigated. The samples were prepared in a solvent 
mixture of acetonitrile and chloroform due to the insolubility of the ditopic ligand in polar 
solvents. Furthermore, it was found that the ligand needs to be added dropwise to the metal ions 
to avoid the formation of large aggregates which would precipitate out of the solution. Firstly, 
NMR titrations were performed using La(III). For the ligand DitopicPyboxPh it was found that 
the species formed at low ligand to metal ratios is different from the species formed at higher 
ligand to metal ratios. Two-dimensional diffusion ordered DOSY NMR experiments suggested 
that the initial species belongs to a more linear polymeric form where two ditopic ligands are 
coordinated to one metal ion, while the species at higher ligand to metal ratios represents a 
three-dimensional coordination network. Furthermore it was found that the highest possible 
ligand to metal ratio where all coordinating sites around the Ln(III) metal ions are saturated by 
ligand is 1.5:1. At higher ligand to metal ratios additional ligand does not coordinate anymore 
and stays in solution in its uncoordinated form. Similar results were obtained from the NMR 
titrations of the ligand DitopicPyboxBiPh. It was not possible to perform NMR titrations or 
DOSY experiments with the ligand DitopicPyboxAnth due to the poor solubility in chloroform 
and the insolubility in polar solvents. The main objective of this chapter was the study of the 
photophysical properties of the Eu(III)-containing coordination polymers in solution. The 
comparable Gd(III) samples were used to determine the triplet state energies which were used 
to underline the findings for the Eu(IIII) samples. In the case of the ligand DitopicPyboxPh it 
was found that the triplet state energy decreases with an increase of the ligand to metal ratio up 
to 1.5:1 (20500 cm-1 to 19500 cm-1). Since for the preparation of all samples the same ligand 
was used, these changes of the triplet state energy might be due to a different conjugation of 





NMR experiments. However, since the fluorescence spectra of the Gd(III) samples at 77 K are 
shifted to higher wavelengths compared to the emission measured at room temperature, it can 
be expected that the triplet state energy is located at a higher energy for the samples at ambient 
temperature. This is reasonable to assume since the found triplet state energies are located near 
the Eu(III) 5D1 state which would allow an energy back transfer that would negatively affect 
the overall photophysical properties. Absorption measurements of the DitopicPyboxPh Eu(III) 
samples support the NMR titration findings that the highest possible ligand to metal ratio is 
1.5:1 and that additional ligand remains in solution uncoordinated. From the Eu(III) emission 
decay times in different solvent systems it was found that the number of coordinated water 
molecules decreases with an increase of the ligand to metal ratio of up to 1.5:1, suggestive of a 
morphological change in solution from a linear polymeric species to a three-dimensional 
network. The relative Eu(III) quantum yield of the sample in a ligand to metal ratio was found 
to be around 72%, which is one of the highest values reported for pybox lanthanide coordination 
compounds. Furthermore this indicates a highly efficient energy transfer from the ligand to the 
Eu(III) metal centres and the ligand sensitization efficiency was found to be around 100%. For 
the ligand DitopicPyboxBiPh the triplet state energy for the sample in a ligand to metal ratio 
of 1.5:1 was determined to around 18700 cm-1. This close the Eu(III) 5D1 state located energy 
value is supported by the fact that the corresponding Eu(III) samples show energy back transfer 
in solution which results in a shortening of the emission decay times, lowering of the relative 
quantum yield as well as the presence of a triplet-triplet absorption signal. It should be noted 
that the investigation of an energy back transfer by the use of transient absorption spectroscopy 
has not been carried out in the literature before. The dynamic properties of the DitopicPyboxPh 
samples in solution were investigated by titrations with other Ln(III) metal ions. For the 
titrations the Eu(III) sample in a ligand to metal ratio of 1.5:1 was used where all the 
coordinating sites are saturated by ligand. It was found that the addition of Sm(III), another 
luminescent lanthanide ion, resulted in an overall decrease of the Eu(III) emission intensity and 
the appearance of Sm(III) emission. This indicates that the Eu(III) metal ions can be replaced 
by other metal ions as well as that the coordinative bond can be broken. The ligand 
DitopicPyboxAnth did not result in Eu(III) emission and it was also not possible to obtain 
phosphorescence spectra. High quantum yields together with the dynamic nature make these 
materials promising for the preparation of sensing applications, photoactive devices, as well as 
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Terpyridine-based solid state Ln(III)-containing 







4.1 Introduction and Aims 
 
Within the area of supramolecular chemistry, the research in the field of supramolecular 
polymers, where small molecules are linked together by weak and reversible non-covalent 
bonds, has greatly increased in recent years.1 Coordinative interactions can be used for the 
formation of metallo-supramolecular polymers where a metal-induced self-assembly process 
between metal ions and an organic linker results in the formation of large polymeric 
structures.2,3 One of the most used ligand systems in the literature for the preparation of metallo-
supramolecular polymers is a ditopic ligand where two tridentate terpyridine ligands are 
connected by a rigid-rod type spacer.4,5,6 The reason why this system is by far the most used 
lies in the good binding characteristics to a variety of transition metal ions as well the 
commercial availability and the straight-forward synthesis.7,8 Scheme 4.1 gives an example of 
a metallo-supramolecular polymer based on π-conjugated mono- or poly-phenylene bis-
terpyridine ligands with Fe(II), Ru(II) and Co(II).9,10 
 
 
Scheme 4.1: Schematic representation for the synthesis of ruthenium(II) metallo-
supramolecular polymers based on terpyridine (Figure was redrawn from reference9). 
 
As terpyridine is a neutral ligand, the complexation to Ru(II) results in a charge on the complex 
and the resulting metallo-supramolecular polymer is therefore a polyelectrolyte. As a result the 
polymer is soluble in a broad range of polar solvents. The optical properties of the ditopic ligand 
can be changed by substitutions on the external pyridine rings or by incorporating different 
spacers. For instance, the introduction of electron donating or withdrawing groups onto the 
terpyridine or extending the length of the spacer resulted in a red shift of the absorption 





properties of the metallo-supramolecular polymers by the choice of the metal ions and ligand 
design to cover colours in the whole visible region. Changes of the optical properties can also 
be achieved by incorporating different spacers. Figure 4.1 shows an example for a metallo-
supramolecular polymer based on terpyridine with an organic perylene bisimide dye 
fluorophore spacer and the subsequent self-assembly of Zn(II) ions.11,12  
 
 
Figure 4.1: Schematic representation of a metallo-supramolecular polymer assembled from 
Zn(II) ions, terpyridine, and a perylene bisimide dye (Figure was taken from reference12). 
 
The length of the polymer prepared in a 1:1 ratio of ditopic ligand and metal ion was found to 
be a minimum of 10 repeat units with a chain length of 30 nm and a molecular weight of around 
16000 g/mol (calculated by analysing the 1H NMR signals of the terminal groups). Furthermore 
it could be shown that an exact 1:1 stoichiometry is necessary for the preparation of high molar 
mass polymers as even small deviations from this ratio resulted in a dramatic decrease of the 
polymer length. Due to the very strong red-light emitting fluorescent properties and the good 
quantum yields of these polymers, potential applications for light harvesting systems or organic 
light emitting diodes were proposed. However, while the size of the coordination polymers can 
be altered by concentration and ligand to metal ratio, the one-dimensional morphology of these 
metallo-polymers cannot be altered due to the rigidity of the ligand. One way to overcome this 
problem is to use a flexible chain instead of a rigid conjugated system as spacer. On the other 
hand the flexibility of the resulting ligand during a metal-induced self-assembly process can 
lead to the formation of rings rather than polymeric structures which limits their potential for 
the preparation of coordinative polymers with a high molecular weight.13 Another way to 
achieve a controllable morphology change is the use of tritopic ligands with three coordinating 
sites. This approach was recently further extended by using a mixture of ditopic and tritopic 





state.14 A further approach to alter the metallo-polymer morphology is the incorporation of 
lanthanide ions instead of transition metals.15,16 Due to the larger ionic radius compared to 
transition metals, lanthanide ions can coordinate up to three ditopic tridentate ligands and thus 
usually result in the formation of three-dimensional polymeric networks rather than one-
dimensional polymeric chains.17 Furthermore, lanthanides (especially Eu(III) and Tb(III)) offer 
outstanding photophysical properties such as narrow band emission lines, long lifetimes, and 
high quantum yields.18 It has been shown that supramolecular coordination networks can be 
achieved in solution by a self-assembly process between Ln(III) ions and ditopic ligands.19 
Furthermore, it has been found that the concentration and ligand to metal ratio, as well as the 
ligand flexibility, plays an important role on the morphology of the coordination network in 
solution, whereby changes from a branched network to polymeric rings can be achieved.20 
However, compared to studies of morphology controllable self-assembled supramolecular 
Ln(III) coordination networks in solution, their properties have been rarely studied in the solid 
state. The aim of this chapter is therefore the preparation of Eu(III)-containing metallo-
supramolecular polymers in the solid state using a ditopic terpyridine ligand (Figure 4.2). The 
impact of the ligand to metal ratio during the self-assembly process is expected to result in 
different morphologies in the solid state. Furthermore, the photophysical properties as well as 
the energy transfer mechanism of the Eu(III) metallo-supramolecular polymers in the solid state 
will be studied. 
 
 
Figure 4.2: Representation of the DitopicTerpyridinePh ligand which will be used for the 











4.2 Ligand synthesis and preparation of metallo-supramolecular 
polymers 
 
The ligand DitopicTerpyridinePh was obtained via a three-step synthetic pathway (Scheme 
4.2).7,21 The first step is an aldol condensation between terephthalaldehyde and 2-acetylpyridine 
with potassium hydroxide as base to form the E-configured conjugated enone (18). The second 
step is a Michael addition with 2-acetylpyridine and potassium hydroxide as base which 
resulted in the 1,5-dicarbonyl compound (19). It should be noted that in the previous literature 
procedure, both steps were carried out in a one-pot reaction. However, it was found herein that 
the yield can be increased if the first product is purified before further treatment with 2-
acetylpyridine. The final step is the formation of the centre pyridine ring with ammonium 
acetate. In addition to previous literature procedures the ligand was further purified by 
recrystallization from glacial acid. The overall yield after three steps was 36%. 
 
Scheme 4.2: Synthetic pathway for the synthesis of the ligand DitopicTerpyridinePh. 
 
The Eu(III) containing metallo-supramolecular polymers were prepared by a metal ion induced 





found that in order to achieve a controlled self-assembly process, the total volume of the solvent 
mixture as well as the slow dropwise addition of the ligand to the metal ions plays an important 
role. If the total volume of the chloroform / acetonitrile solvent mixture was too low a 
precipitate was formed upon addition of the ligand. The same effect took place if the ligand was 
added to the metal in large quantities. The resulting precipitate, which displayed bright red 
luminescence upon UV-excitation, indicating the formation of metal coordination complex, 
consisted of small aggregated particles without a specific morphology. It can therefore be 
anticipated that under these conditions no controlled self-assembly in solution occurred and that 
small particles were formed initially which then aggregated and precipitated. As a result the 
conditions were changed to a relatively large total volume of the solvent mixture and a slow 
dropwise addition of ligand. A partial slow evaporation of the solvent then led to the formation 
of an insoluble precipitate which was filtered off and washed several times with acetonitrile and 
chloroform to remove all soluble residues as well as potential uncoordinated ligand. Three 
samples in different ligand to metal ratios were prepared for which the morphological changes 







4.3 Characterization of the samples in the solid state 
 
4.3.1 Elemental composition 
 
Due to the dynamic self-assembly process in solution and the insolubility of the resulting 
metallo-polymers, it is rather difficult to obtain a detailed structural analysis of the samples 
prepared herein. Several attempts were made to obtain single crystals but in all cases only the 
formation of an amorphous solid was observed. This drawback has also been observed by other 
groups who studied metallo-polymers based on similar ligands and transition metals.10 In order 
to get a deeper insight into the elemental composition of the metallo-polymers at different 
ligand to metal ratios, CHN and thermogravimetric analysis, as well as elemental analysis using 
XPS, were carried out.  
 
Table 4.1: Results from elemental analysis and calculated weight loss of organic ligand from 
TGA for the metallo-supramolecular polymers in different ligand to metal ratios.  
Ligand to metal ratio 1:1 2:1 3:1 
C (wt%) 32.86 39.06 43.75 
H (wt%) 2.37 2.78 3.04 
N (wt%) 11.50 10.94 11.07 
    
TGA weight loss (wt%)(a) 33 42 44 
(a)Corrected by weight loss of solvent. 
 
The weight loss profiles for the uncoordinated ligand DitopicTerpyridinePh as well as the 
Eu(III) metallo-polymers in different ligand to metal ratios are represented in Figure 4.3. The 
uncoordinated ligand shows a single sharp decomposition line at around 450 oC. In comparison, 
the Eu(III) containing metallo-polymers show two or three decomposition lines between around 
420 oC and 550 oC which is assumed to result from coordinated ligand. From the weight loss 
profiles the weight percentage of coordinated ligand (corrected by the weight loss of solvent 
molecules in the samples) can be calculated and showed that the weight percentage of 
coordinated ligand increases from about 33% at a ligand to metal ratio of 1:1 to about 44% at a 






Figure 4.3: Thermogravimetric analysis of the uncoordinated ligand DitopicTerpyridinePh 
and the Eu(III)-containing metallo-supramolecular polymers in different ligand to metal ratios 
(performed under nitrogen atmosphere) 
 
To confirm that the weight loss resulted from carbon atoms from the coordinated ligand, CHN 
elemental analysis was carried out. The results from CHN elemental analysis show a similar 
trend obtained by TGA in that with higher ligand to metal ratios the carbon content of the 
samples increases. The obtained weight percentages of carbon in all samples are in relatively 
good agreement with the calculated weight loss from TGA indicating that the main mass loss 
from TGA corresponds to the decomposition of ligand in the samples. Further elemental 
analysis was obtained by X-ray photoelectron spectroscopy (Table 4.2). For all three samples 
the presence of europium could be confirmed. Since the carbon content in the samples mainly 
comes from coordinated ligand, it is possible to calculate the ratio of the atomic percentages of 








Table 4.2: Results from elemental analysis made by XPS and the calculated Eu : C atom ratios 
as well as the estimated number of coordinated ligand present in the samples at different ligand 
to metal ratios.  
Ligand to metal ratio 1:1 2:1 3:1 
C (at%) 67.72 74.89 75.10 
N (at%) 11.16 10.77 10.51 
O (at%) 19.27 13.18 13.56 
Eu (at%) 1.87 1.16 0.83 
    
Eu : C(a) 1 : 36.21 1 : 64.56 1 : 90.48 
Coordinated ligands(b) 1.01 1.79 2.51 
(a)Ratio of europium to carbon atoms calculated from the obtained XPS at%. (b)Estimated number of coordinated 
ligands from the Eu : C ratios (one ligand corresponds to 36 carbon atoms). 
 
Furthermore, since one ligand has 36 carbon atoms, the number of coordinated ligands to one 
Eu(III) metal centre can be estimated and shows that the amount of coordinated ligand increases 
from around 1.0 to 1.8 and 2.5 with increases in the ligand to metal ratio of 1:1 to 2:1 and 3:1 
respectively. It should be noted that the formation of Ln(III) based coordination polymers with 
related ditopic ligands in solution showed that the experimental value for the ligand to metal 
ratio with the highest degree of a network formation was found to be 1.5:1.20,22 The values for 
the ligand to metal ratio for the metallo-polymers reported herein were found to be higher than 
1.5:1, which is especially obvious for the sample in a ligand to metal ratio of 3:1 It should be 
noted that the elemental results from XPS are not corrected for the presence of solvent 
molecules in the sample which has been shown by TGA to account for around 10 wt% in each 
sample. Therefore the exact ligand to metal ratio might be slightly lower than the one calculated 
from XPS elemental analysis. However, the XPS results confirmed the findings made by TGA 
that an increased concentration of ligand in solution during the self-assembly process leads to 
the coordination of more ligand relative to Eu(III) and thus results in higher ligand to metal 
ratios in the solid state. Since the weight percentage of solvent molecules is similar for all three 











The morphology of all the Eu(III) containing samples was firstly investigated by scanning 
electron microscopy (SEM). In order to observe individual particles all samples were dispersed 
and sonicated in a chloroform solution and spin-coated onto a glass slide. The SEM images 
show significant changes in the morphology of the coordination polymers upon changing the 
ligand to metal ratio (Figure 4.4). For simplicity reasons the stated ligand to metal ratio in 
solution used for the self-assembly process was used even though the exact ratio in the solid 
state differs from that initial ligand to metal ratio. 
 
 
Figure 4.4: SEM images of the solid state samples in different ligand to metal ratios. 
 
In case of an equal ligand to metal ratio of 1:1, the formation of three different morphologies 
can be observed in a typical SEM image. The majority of the sample consists of short and broad 
micron-sized rods with an average length of about 3 µm and an average width of about 0.5 µm. 
The other species consist of either short and thin micron-sized fibres or particles without any 
specific shape. Interestingly another favoured shape is the formation of cross-shaped particles. 
Increasing the amount of available ligand up to ligand to metal ratio of 2:1 results in the 
formation of micron-sized fibres which can reach a length of up to 100 µm with an average 
thickness of around 1 µm. It can also be seen that each long fibre is made up by a bundle of 
thinner fibres. Furthermore some of the fibres are broken which might be a result of the 
sonication or spin-coating process. A further increase of the ligand concentration up to a ligand 
to metal ratio of 3:1 results in the formation of a network without a specific shape. The 








Figure 4.5: SEM image for the micron-sized fibres obtained in a ligand to metal ratio of 2:1 
(left) and related Eu(III) EDX map (right). 
 
To prove the presence of Eu(III) metal ions in all three samples, energy-dispersive X-ray (EDX) 
maps were obtained. For the micron-sized fibres obtained in a ligand-to-metal ratio of 2:1 it can 
be clearly seen that europium atoms can be detected throughout the fibre structure and the shape 
of the obtained EDX maps are in agreement with the shape of the related SEM image (Figure 
4.5). Similar results for the EDX mapping were obtained for the cross-shaped micron-sized 
particles obtained in a ligand to metal ratio of 1:1 (Figure 4.6) where the EDX maps for carbon 
and europium are consistent with the related SEM image. 
 
 
Figure 4.6: SEM image for the micron-sized cross-shaped particles obtained in a ligand to 
metal ratio of 1:1 as well as the corresponding EDX maps for carbon and europium. 
 
To further investigate the formation of a coordination polymer the morphologies of the samples 
were investigated using emission microscopy. Upon excitation of the samples at 330 - 380 nm 
all samples showed a bright red emission (Figure 4.7). The microscope images were recorded 
without background light and the shape observed from the emission images confirms the 





direct excitation of Ln(III) metal ions are forbidden, a sensitizer, typically an organic ligand, is 
required which absorbs light and transfers energy to the Ln(III) metal centres to result in the 
typical lanthanide emission peaks. The fact that bright red luminescence upon excitation of the 
ligand can be observed proves that the ligand is coordinated to the metal ion. Furthermore, the 
red emission can be observed throughout the particles in different morphologies indicating that 
the Eu(III) metal ions are well distributed within the samples. Interestingly the ends of the 
micron-sized fibres in the microscope emission image for the sample in a ligand to metal ratio 
of 2:1, appear to be brighter than the centre of the fibre which gives a first indication of wave-
guiding properties of the fibres that will be discussed later on in this chapter. 
 
 
Figure 4.7: Microscope images of excited samples (λex = 330 – 380 nm) in the solid state for 
the samples in different ligand to metal ratios. 
 
The changes in the morphology at different ligand to metal ratios can be explained by the self-
assembly process between the Eu(III) metal ions and the terpyridine-based ditopic ligand in 
solution. It should be noted that for the monotopic terpyridine ligand, the 3:1 species is less 
stable in solution than the 2:1 species where two ligands are coordinated to one Ln(III) metal 
centre.23,24 This might be due to a steric factor i.e. that terpyridine is too bulky for the 
coordination of three ligands around one Ln(III) metal ion. Related tridentate NNN-
coordinating ligands such as the previously discussed pyridine-bis-oxazoline (pybox), where 
instead of two 6-membered pyridine rings as in terpyridine, the ligand coordination 
environment next to the central pyridine ring is made up by two 5-membered oxazoline rings, 
are more stable in their 3:1 species than in the 2:1 species.25 Since the coordinating sites in the 
ditopic ligand used herein is the same as for the monotopic pybox ligand it is expected that the 
formation of a 2:1 species with two ditopic ligands around one Eu(III) metal centre is more 





using the same terpyridine-based ditopic ligand with transition metals has been studied before 
in solution and it was found that the coordination bond exhibits a dynamic behaviour e.g. the 
ligand and metal ions undergo continual exchange until an equilibrium state is reached. In the 
case of using lanthanides instead of transition metals a similar dynamic behaviour in solution 
during the self-assembly process can be expected. The equilibrium might also be affected by 
the slow partial evaporation used to obtain the solid samples. During the evaporation, the 
concentration of the coordinated species increases. As a result the size of the assembled 
structures in solution increases as well until a critical size is reached and the particles precipitate 
out of solution.  
 
4.4 Photophysical properties 
 
4.4.1 Phosphorescence spectra 
 
The ligand triplet state energies of the sample in different ligand to metal ratios were obtained 
from the Gd(III)-containing metallo-supramolecular polymers in the solid state. For all three 
samples phosphorescence emission was observable at 77 K (Figure 4.8). The phosphorescence 
spectra were fitted using Gaussian peak fitting and the wavelengths for the highest energy peaks 
were used to determine the triplet state energy for each sample. It was found that the triplet state 
energy of the ligand significantly decreases from about 22000 cm-1 at a ligand to metal ratio of 
1:1 to about 20700 cm-1 at a ligand to metal ratio of 2:1. The triplet state energy of the sample 





Figure 4.8: Phosphorescence spectra and Gaussian peak fitting of the Gd(III) samples in 
different ligand to metal ratios (100 µs time delay, 1 ms time gate, 2 nm band width), blue 





However, the changes of the triplet state energies cannot be explained by differences in the 
number of coordinated ligands to the Eu(III) metal centre. Since the same ligand is used for the 
preparation of all three samples the triplet state energy of the ligand can only be changed if the 
conformation of the ligand such as the spacer centre phenyl ring and thus the degree of 
conjugation is changed. Since the triplet state energy at ligand to metal ratios 1:1 and 2:1, where 
one-dimensional polymeric particles can be observed, is higher than for the three-dimensional 
network it can be expected that the central pyridine ring of the ligand is out of plane compared 
to the coordinating terpyridine moieties when a metallo-polymer is formed and thus exhibits 
less conjugation with a higher triplet state energy. In the case of the three-dimensional network 
at a ligand to metal ratio of 3:1, a planar configuration of the ligand might be more favoured 
which results in a conjugation throughout the whole ligand and a lowering of the triplet state 
energy. 
 
4.4.2 Eu(III) emission properties 
 
The photophysical properties of all three Eu(III) containing metallo-supramolecular polymers 
in different ligand to metal ratios were investigated by time-resolved emission spectroscopy. 
Time-gated emission spectra obtained using a time delay of 0.5 ms (1 ms time gate) showed 
typical Eu(III) emission spectra with 5D0 → 7FJ (J = 0 – 4) transition lines located at 579, 592, 
616, 650, and 689 nm respectively (Figure 4.9).18 The branching ratios of emission intensities 
at the five different emission lines are represented in Table 4.3. 
 
Table 4.3: Branching ratios for the emission intensities of 5D0 → 7FJ transitions and relative 




Branching ratio of 5D0 → 7FJ (%)(a) Intensity ratio 
7F2 / 7F1(b) 7F0 7F1 7F2 7F3 7F4 
1:1 1.5 25.8 51.3 1.5 19.9 1.9 
2:1 1.2 16.7 66.1 1.3 14.7 3.9 
3:1 0.7 12.4 58.0 0.7 28.2 4.7 
(a)Calculated from the integrated intensities of the corrected emission spectra. (b)Calculated from the relative 5D0 







Figure 4.9: Time-gated emission spectra (λex = 355 nm, 500 µs time delay, 1 ms time gate) 
for all three samples in different ligand to metal ratio). 
 
The emission spectra of all samples exhibit a single symmetrical 5D0 → 7F0 transition which 
contributes around 1 to 2% to the total emission intensity. The presence and the shape of this 
transition line indicates that the emission comes from a single species and that the symmetry 
around the Eu(III) metal ions is at a non-centrosymmetric site.26 For all three samples the 
transition which has the highest contribution to the overall emission intensity is the 5D0 → 7F2 
line (616 nm), a hypersensitive transition whose intensity strongly depends on the symmetry 
around the Eu(III) metal centre. In comparison, the magnetic dipole allowed 5D0 → 7F1 
transition (592 nm) does not depend on the Eu(III) symmetry and as a result the difference of 
the 5D0 → 7F2 and 5D0 → 7F1 emission intensity ratios can be used to obtain information about 
the Eu(III) site symmetry of the samples.27 Herein the obtained emission intensity ratio 
constantly increases from about two at a ligand to metal ratio of 1:1 to about five at a ligand to 
metal ratio of 3:1, indicating a lowering of the symmetry order with an increase of the ligand 
to metal ratio.28 To further investigate the symmetry around the Eu(III) metal centre, higher 
resolution emission spectra were recorded to resolve crystal field splitting of the different 
transitions. In case of the sample in a ligand to metal ratio of 1:1 it can be seen at higher 
resolution that the 5D0 → 7F1 transition actually splits into two main transitions located at 
around 590 nm and 594 nm (Figure 4.10) which suggests a Eu(III) D3 site symmetry.29 The 
splitting corresponds to Eu(III) 7F1 ligand-field sub-levels at 293 cm-1 (irreducible 
representation A in D3) and 430 cm-1 (irreducible representation E in D3) whereby the energy 





additional splitting for 7F1(E) (∆E(E-E) = 41 cm-1) can be seen at 594 nm which represents the 
distortion from the ideal D3 symmetry and it can therefore be concluded that in this sample the 
Eu(III) metal ion symmetry is pseudo-D3. The obtained results are comparable to a reported 
homoditopic ligand Eu(III) complex which has also been found to show an emission spectrum 
and splitting pattern according to a pseudo-D3 symmetry.30 For samples at ligand to metal ratio 
of 2:1 and 3:1 the 5D0 → 7F1 line is broader than for the sample in a 1:1 ratio and no splitting 
pattern could be observed.  
 
 
Figure 4.10: High resolution emission spectrum of the sample in a ligand to metal ratio of 1:1 
and splitting pattern of the Eu(III) 5D0 → 7F1 transition (inset). 
 
However, as one can see from Figure 4.9 and Table 4.3, the overall shape of the emission spectra 
show significant differences (especially for the 5D0 → 7F4 transition) compared to the sample 
in a ligand to metal ratio of 1:1 with a pseudo-D3 symmetry. It can therefore be assumed that 
the symmetry for these two samples must be different, presumably other lower order symmetry 
point groups such as C3 or C2v.29 However, the changes of the emission spectra show that all 
three samples in different ligand to metal ratios have a different coordination environment and 
site symmetry around the Eu(III) metal centre. This is consistent with the morphology changes 
found using SEM as well as the findings from elemental analysis which showed that the number 








Figure 4.11: Emission decay curves of the Eu(III) 5D0 → 7F2 transition measured at 616 nm 
for the samples in different ligand to metal ratios. 
 
The time-resolved emission decay curves were recorded for the most prominent Eu(III) 5D0 → 
7F2 transition located at 616 nm (Figure 4.11). All decay curves can be fitted to bi-exponential 
decay functions indicating that in all samples at least two different Eu(III) emitting species are 
present (Table 4.4). The longer of the obtained decay times is in the ms range, which is typical 
for Eu(III) emissive compounds in the solid state, while the second shorter decay time is in the 
µs range. 
 
Table 4.4: Emission decay times and relative contribution of the Eu(III) 5D0 → 7F2 transitions 
measured at 616 nm for the samples in different ligand to metal ratios.  
 τ1 (ms) A1 (%) τ2 (ms) A2 (%) τ (ms)(a) 
1:1 0.48 59 0.09 41 0.44 
2:1 0.30 49 0.07 51 0.26 
3:1 0.18 42 0.04 58 0.15 
(a)Average lifetime obtained using equation: τ = (A1τ12 + A2τ22)/ (A1τ1 + A2τ2). 
 
It should be noted that an increase of the ligand to metal ratio from 1:1 to 3:1 leads to significant 
changes of both decay times and their relative contribution to the average lifetime. Firstly an 
increase of the ligand to metal ratio results in a decrease of the relative contribution A1 and an 
increase of A2 indicating that at higher ligand to metal ratios the percentage of shorter living 
species is higher. Secondly, an increase of the ligand to metal ratio results in a shortening of 





ms at a ligand to metal ratio of 1:1 to about 0.15 ms at a ligand to metal ratio of 3:1. This result 
is rather surprising because the coordination of more ligand to the Eu(III) metal centres was 
expected to result in a more shielded Eu(III) metal environment which should prevent 
quenching pathways such as by coordinated water molecules. As a result the lifetime should be 
increasing with higher ligand to metal ratios. However, in the case of the ditopic tridentate 
terpyridine ligand used herein, a shortening of the lifetime with increasing coordination of 
ligand can be observed which could be explained by a possible quenching pathway introduced 




Figure 4.12: Time-gated emission maps for the 5D1 → 7FJ (J = 0 – 3) and 5D0 → 7FJ (J = 0 – 








Next to the Eu(III) 5D0 state (17500 cm-1), emission can also occur from the Eu(III) 5D1 state 
located at higher energies (19500 cm-1). To get a deeper understanding of the energy transfer 
process from the ligand to the Eu(III) metal centres, time-gated emission maps from the 5D1 
state in the early stage of the Eu(III) emission were obtained (Figure 4.12). The spectra for all 
samples showed the characteristic 5D1 → 7FJ (J = 0 – 3) transition lines located at 526, 537, 555, 
and 583 nm respectively.33 Time-gated emission maps of the Eu(III) emission between 100 ns 
and 10 µs with a time gate of 500 ns as well as the related emission decay curves showed that 
the lifetime of the 5D1 → 7FJ emission lines is in the µs range which is much shorter than the 
ms range of the 5D0 → 7FJ emission (Figure 4.13).  
 
  
Figure 4.13: Eu(III) 5D1 → 7FJ (J = 1 – 3) emission decay curves and 5D0 → 7F2 emission rise 
time for the sample in a ligand to metal ratio of 1:1 (left) and 5D0 → 7F2 emission rise times 
measured at 295 K and 77 K 
 
The 5D1 → 7FJ emission lifetimes for all three samples are shown in Table 4.5 and it can be 
seen that the value is decreasing from 1.2 µs at a ligand to metal ratio of 1:1 to 0.8 µs and 0.6 
µs at ligand to metal ratios of 2:1 and 3:1 respectively. Furthermore, the 5D1 → 7FJ emission 
lifetimes increase significantly upon cooling to 77 K and become very similar for all three 
samples. It should be noted that the 5D0 → 7F2 emission decay time does not change at 77 K 









Table 4.5: Eu(III) 5D1 → 7FJ (J = 1 – 3) emission decay times and 5D0 → 7F2 emission rise 
times in the early stage at 295 K and 77 K, relative population of 5D0 state by the 5D1 state, and 












5D1 → 7FJ 
295 K 
5D0 → 7F2 
295 K(a) 
5D1 → 7F2 
77 K 
1:1 1.2 1.2 1.7 39 31.1 22021 
2:1 0.8 0.7 1.5 29 12.5 20709 
3:1 0.6 0.5 1.6 22 11.2 20401 
(a)Signal rise times fitted from the overall 5D0 → 7F2 emission decay curves between 0 and 5 µs. (b)Measured in 
an integration sphere against sodium salicylate as reference (error of the measurement is around 10%). 
(c)Calculated from the highest energy peak obtained by Gaussian fitting of the phosphorescence spectra. 
 
Interestingly a rise of the 5D0 → 7F2 emission intensity on the same timescale can be seen. For 
all three samples, the emission decay time values for the 5D1 → 7FJ (J = 1 – 3) transitions are 
very similar to the emission rise time values of the 5D0 → 7F2  transition which suggests that 
the 5D0 state is partly populated via relaxation from the 5D1 excited state. The relative 
contribution of this process to the initial population of the 5D0 state can be estimated from the 
time profile of emission at 5D0 → 7F2 transition line. The value of the emission intensity at this 
line at time zero, I0, is proportional to the population of 5D0 formed by direct energy transfer 
from the ligand triplet state. Further increase in the emission intensity up to the maximum 
intensity, Imax, should be assigned to the increase in 5D0 population due to the relaxation from 
the 5D1 state because its rise time is equal to the decay time of the 5D1 → 7FJ (J = 1 – 3) 
transitions. Therefore, the relative contribution of the relaxation from 5D1 to 5D0 to the initial 
population of 5D0 can be simply estimated as 1-I0/Imax (taking into account that 5D0 decay time 
is significantly longer than the rise time of its population). It was found that upon increasing 
the ligand to metal ratio this contribution decreased from about 39 % at a ligand to metal ratio 
of 1:1 to about 29% and 22% at ligand to metal ratios of 2:1 and 3:1 respectively. The decrease 
of the 5D1 → 7FJ (J = 1 – 3) emission decay times as well as the population contribution of the 
5D0 state by the 5D1 state at room temperature correlates well with the lowering of the triplet 
state energy. The energy difference between the Eu(III) 5D1 state (19500 cm-1) and the triplet 
state energies of the ligand for the samples in ligand to metal ratios of 2:1 and 3:1 is only around 
1000 cm-1 and as a result energy back transfer from the 5D1 state to the ligand triplet state can 





7F2 rise times are in a similar range for all the samples (Table 4.5). Relative Eu(III) quantum 
yields were measured in the solid state according to a modified literature procedure.34,35 Sodium 
salicylate, which has a quantum yield of 60% at excitation wavelengths between 220 – 380 nm, 
was used as reference.36 The sample in a ligand to metal ratio of 1:1 displayed the highest 
quantum yield of around 30%. The samples in ligand to metal ratios of 2:1 and 3:1 have lower 
quantum yields of around 12%. This is in agreement with the Eu(III) 5D0 → 7FJ emission decay 
times which decreased with an increase of the ligand to metal ratio, indicating that the Eu(III) 
emission is quenched. From the Eu(III) 5D1 → 7FJ emission decay times it was found that this 
quenching might be due to energy back transfer to the ligand triplet state. As a result the relative 
quantum yields also decrease. 
 
4.4.3 Optical wave-guiding properties 
 
 
Figure 4.14: Optical wave-guiding properties of the fibres obtained in a ligand to metal ratio 
of 2:1 and power dependence profile of the emission (inset). 
 
Earlier it was discussed that emission from the ends of the micron-sized fibres, obtained in a 
ligand to metal ratio of 2:1, appear to be brighter than the other parts of the fibre upon UV-
excitation (Figure 4.7). To further investigate the optical wave-guiding properties the following 
experiment was performed. Under a microscope an isolated fibre was chosen and one end of 
the fibre was illuminated using 355 nm laser light focussed in a 2 µm spot size (Figure 4.14). 





efficiently removed scattered laser radiation (Figure 4.14, inset). The illuminated area shows 
bright red emission which results from the Eu(III) metal centres of the metallo-polymers. 
Additionally Eu(III) emission can be seen on the other end of the fibre which is not illuminated 
by laser light. It should be noted that the emission from the walls of the fibres outside the 
irradiated area is much less compared to the end of the fibre. It can therefore be concluded that 
emission of this end of the fibre arrives from rather efficient optical wave-guiding of emission 
excited from the other end of the fibre. The laser power dependence of the emission of this end 
of the fibre follows a linear trend suggesting that the nature of the emission observed is rather 
spontaneous than stimulated. This is expected with continuous wave irradiation. Furthermore, 
these optical wave-guiding properties can be seen as a proof of the continuity of the fibre 
medium. 
 
4.5 Summary and conclusions 
 
In this chapter the formation of supramolecular polymers between a terpyridine-based ditopic 
ligand and Ln(III) metal ions in the solid state has been investigated. It has been shown that the 
morphology of these metallo-polymers strongly depends on the ligand to metal ratio used 
during the solution phase self-assembly process whereby the morphology can be controlled 
from one-dimensional micron-sized fibres to a three-dimensional coordination network. Based 
on the coordinating behaviour of the ditopic ligand, the dynamic equilibrium during the self-
assembly, and the morphologies observed by microscopic methods a potential mechanism for 
the self-assembly process in solution can be proposed (Scheme 4.3). At low ligand to metal 
ratios of 1:1 and 2:1 used for the self-assembly process in solution, a two-dimensional growth 
is preferred due to the higher stability of the species with two ditopic ligands coordinated to one 
metal. In case of an equal ligand to metal ratio of 1:1 the equilibrium between the ligand and 
the metal is not shifted towards the formation of longer polymeric structures and instead the 
formation of shorter oligomer chains is preferred. At a higher ligand to metal ratio of 2:1 the 
additional amount of ligand shifts the equilibrium towards the formation of longer polymeric 
structures. When a ligand to metal ratio of 3:1 is reached the barrier for the formation of a three-
dimensional network were three ligands are coordinated to one Eu(III) metal ion seems to be 







Scheme 4.3: Proposed mechanism for the self-assembly process in solution at different ligand 
to metal ratios. 
 
The triplet state energies were obtained from the Gd(III)-containing samples in the solid state. 
It was found that the location of the triplet slightly decreases 1300 cm-1 when the ligand to metal 
ratio is changed from 1:1 to 2:1. The sample in a ligand to metal ratio of 3:1 exhibits a similar 
triplet state energy than the sample in a ligand to metal ratio of 2:1. Time-resolved emission 
spectroscopy was applied for the study of the Eu(III)-containing metallo-supramolecular 
samples. The Eu(III) 5D0 → 7FJ emission decay times for all samples can be fitted to bi-
exponential functions indicating that at least two different emitting species are present in the 
solid state. Furthermore, it was found that the emission decay times decrease with an increase 
of the ligand to metal ratio. The energy transfer mechanism was investigated by measuring the 
Eu(III) 5D1 → 7FJ emission decay times. For the sample in a ligand to metal ratio of 1:1 the 
emission decay times measured at room temperature was found to be about 1.2 µs. An increase 
of the ligand to metal ratio up to 3:1 led to a constant decrease to 600 ns. The relative population 
of the Eu(III) 5D0 state by the 5D1 state decreased in the same direction from about 40% to 22%. 
These results indicate that with an increase of the ligand to metal ratio an energy back transfer 
from the Eu(III) 5D1 state to the ligand triplet state occurs. This is reasonable to assume since 
the triplet state energies of the ligand decrease with an increase of the ligand to metal ratio. The 
optical wave-guiding properties of the micron-sized fibres obtained in a ligand to metal ratio 
were investigated by exciting one end of the fibre and monitoring the emission at the other end 
of the fibre. The laser power dependence of the emission was found to be linear indicating a 
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In this thesis the preparation and photophysical properties of monotopic and ditopic 
Ln(III) coordination compounds has been described. 
In chapter 2 monotopic pybox-related ligands were used for the preparation of Ln(III) 
complexes. It has been shown in the literature before that pybox ligands can act as efficient 
sensitizers for Eu(III) and Tb(III) emission.1 Furthermore, it is known that substitution on the 
ligand resulted in a shift of the triplet state energy which also changed the overall electronic 
ligand properties.2 The aim of that chapter was to further investigate the effect of substitution 
on the ligand and to establish a trend between the triplet state energy and the overall relative 
quantum yields of the Eu(III) and Tb(III) complexes. For that 16 pybox-related ligands (of 
which 13 were not reported before) were synthesized by a Suzuki-coupling reaction between 
the brominated pybox ligand and different boronic acids. The 3:1 ligand to metal Ln(III) (Ln = 
La, Gd, Eu, Tb) complexes were prepared at room temperature in acetonitrile (Scheme 5.1).  
 
 
Scheme 5.1: Lanthanide complexes with pybox-related ligands prepared in chapter 2 (R 
represents different substituents). 
 
The presence of the desired complexes has been shown by ESI as well as NMR measurements 
with diamagnetic La(III) metal ions. The triplet state energies were calculated by Gaussian 
fitting of the phosphorescence spectra which were obtained from the Gd(III) complexes. It has 
been shown that the location of the triplet state energy is mostly influenced by conjugation 
effects which were introduced by the substituents. As a result the triplet state energies herein 
vary between 23000 cm-1 for the unsubstituted ligand PyboxH to around 14700 cm-1 for the 
ligand PyboxPyrene. The findings of the ligand triplet state energies were used to verify the 
photophysical data obtained from the Eu(III) and Tb(III) complexes. From the 5D0 → 7FJ 
emission decay times of the Eu(III) complexes the number of coordinated water molecules 





proof for the successful 3:1 complex formation. For ligands with close to the Eu(III) excited 
states lying triplet state energies this calculation was found to be inaccurate due to potential 
energy back transfer from Eu(III) to the ligand triplet states. This phenomenon was further 
investigated by measurements of the Eu(III) 5D1 → 7FJ emission decay times. It was found that 
the ligands with triplet state energies close to the Eu(III) 5D1 state show emission decay times 
in the ns range while ligands with higher triplet state energies have emission decay times from 
the 5D1 state which are close to 1 µs. This shortening of the emission decay times indicates that 
after population of the Eu(III) 5D1 state, energy back transfer to the triplet state can occur which 
quenches the emission. This quenching mechanism was also found to be one reason for the low 
Eu(III) quantum yields of the ligands with low lying triplet states. The ligands PyboxAnth and 
PyboxPyrene have triplet state energies which are located below the Eu(III) 5D0 state and 
consequently no energy transfer can occur and as a result no Eu(III) emission was observable. 
The highest Eu(III) quantum yield was obtained for the ligand Pybox3Th, which has a 
favourable triplet state energy of around 20600 cm-1, and was found to be around 50%. It should 
be noted that the Eu(III) complex for this ligand has been reported before but, however, the 
reported quantum yield of over 70% could not be verified.3 Ligands with triplet state energies 
below the Tb(III) 5D4 state did not give the characteristic Tb(III) emission which shows the 
reliability of the triplet state measurements from the related Gd(III) complexes. The highest 
Tb(III) quantum yield of around 52% was obtained for the ligand PyboxMes which has a triplet 
state energy suitable for an efficient energy transfer to the 5D4 state at around 21900 cm-1. The 
overall aim of the chapter was to establish a trend between the quantum yield of the Eu(III) and 
Tb(III) complexes and the ligand triplet state energies. No distinct linear trend was obtained 
which shows that next to the location of the triplet state other parameters such as quenching by 
the ligand can occur. However, the results obtained herein provide a better understanding of the 
energy transfer mechanism of pybox-related lanthanide complexes and also allow a fine tuning 
of the triplet state energies by ligand substitution.  
While chapter 2 focused on individual lanthanide complexes, chapter 3 outlined the 
preparation of soluble dynamic lanthanide coordination polymers. Herein a new approach using 
ditopic ligands with a rigid spacer was used. As coordinating site the pybox moiety was chosen 
due to the promising photophysical results obtained in chapter 2. A range of ditopic ligands 
were synthesized by a Suzuki-coupling pathway between the brominated pybox ligand and 





   
DitopicPyboxPh DitopicPyboxBiPh DitopicPyboxAnth 
Figure 5.1: Ditopic ligands synthesized in chapter 2. 
 
The overall aim of the chapter was to achieve the formation of a coordination network by a 
ligand induced self-assembly process in solution (Scheme 5.2). The formation of the 




Scheme 5.2: Schematic presentation of the expected preparation of soluble dynamic Eu(III) 
coordination polymers with the ligand DitopicPyboxPh. 
 
NMR titrations of the DitopicPyboxPh La(III)-containing coordination polymers between 
ligand to metal ratios of 0.25:1 and 2.25:1 showed that upon ligand addition two different 
species were present. The first species is formed at low ligand to metal ratios. At a ligand to 
metal ratio of around 1:1 a second species appears while the first species is diminishing. Ligand 
to metal ratios higher than 1.5:1 resulted in the presence of free uncoordinated ligand which 
indicates that the highest possible ligand to metal ratio is 1.5:1 where all coordinating sites 
around the Ln(III) metal centres are occupied by ligand. To prove the presence of a higher mass 
coordination polymer in solution, DOSY NMR experiments were performed. It was found the 





Furthermore, the diffusion constant of the species formed at higher ligand to metal ratios is 
significantly higher than for the species formed at lower ligand to metal ratios. This might be 
explained by different morphologies of the two species whereby the first species has a more 
two-dimensional polymeric chain-like morphology while the second species belongs to a three-
dimensional coordination network. For the ligand DitopicPyboxBiPh similar results were 
obtained while for the ligand DitopicPyboxAnth no NMR titration experiments could be 
performed due to the low solubility of the coordination polymers. The ligand triplet state 
energies were obtained from the Gd(III)-containing coordination polymers. For the ligands 
DitopicPyboxPh and DitopicPyboxBiPh the triplet state energy slightly decreases with an 
increase of the ligand to metal ratio. This might be explained by conformational changes of the 
ligand upon initial formation of a polymeric species at low ligand to metal ratios and the 
consequent formation of the coordination network at higher ligand to metal ratios. For the 
ligand DitopicPyboxPh the triplet state energy for the sample in a ligand to metal ratio of 1.5:1 
was found to be around 19500 cm-1 while the ligand DitopicPyboxBiPh displayed a lower 
triplet state energy at around 18700 cm-1. This is consistent with the increased conjugation of 
the BiPh ligand which leads to a lowering of the triplet state energy. The focus of this chapter 
was on the study of the photophysical properties of the Eu(III)-containing coordination 
polymers in solution. Absorption measurements of both ligands showed significant changes 
dependant on the ligand to metal ratio used. It was found that the highest possible ligand to 
metal ratio is 1.5:1. The addition of more ligand led to a shift of the absorption spectrum towards 
shorter wavelengths indicating the presence of free uncoordinated ligands, which is consistent 
with the findings from the NMR titrations. However, despite the similarity in the formation of 
the coordination polymers for both ligands, the energy transfer mechanism differs for both 
ligands which resulted in different photophysical properties of the Eu(III) samples. The Eu(III) 
5D0 → 7FJ emission decay times of the ligand DitopicPyboxPh were measured in methanol and 
deuterated methanol from which the number of coordinated water molecules (q) using 
Horrock’s equation was calculated. It was shown that the value of q decreases with an increase 
of the ligand to metal ratio of up to 1.5:1 where it reached a value close to zero. This indicates 
that at low ligand to metal ratios not all coordinating sites around the Eu(III) metal centres are 
occupied by ligand. Further added ligand consequently coordinates until at a ligand to metal 
ratio of 1.5:1 all coordinating sites are saturated. At this ligand to metal ratio the ligand 
DitopicPyboxPh also showed very high relative Eu(III) quantum yields which reached a value 





empirical calculation of the ligand sensitization efficiency which was determined to be around 
100%. On the other hand the relative Eu(III) quantum yields of the ligand DitopicPyboxBiPh 
were only around 20%. This difference can be explained by the less suitable triplet state energy 
which is located close the Eu(III) 5D1 state. As a result an energy back transfer mechanism can 
occur which would quench the overall Eu(III) emission and explain the lower quantum yields. 
This possible energy back transfer mechanism was investigated by transient absorption 
measurements. All Eu(III) samples of the ligand DitopicPyboxBiPh showed a triplet-triplet 
absorption signal indicating a repopulation of the triplet state. Furthermore, the lifetimes of this 
signal were in the same range as the Eu(III) 5D1 → 7FJ emission decay times, indicating that the 
triplet state is repopulated by the Eu(III) 5D1 state. The dynamic behaviour in solution of the 
Eu(III)-containing coordination polymers was investigated for the ligand DitopicPyboxPh by 
titration of the sample in a ligand to metal ratio of 1.5:1 against Sm(III) metal ions. The fact 
that with increasing amounts of Sm(III) metal ions an increase of their characteristic emission 
was seen together with a decrease of the overall Eu(III) emission intensity shows that the Eu(III) 
metal ions are partially replaced. All in all the results from chapter 3 are the first example of 
Ln(III)-containing coordination polymers based on rigid ditopic pybox-related ligands. High 
quantum yields as well as the dynamic behaviour in solution make these materials promising 
for further applications in photoactive devices or mixed-metal emissive materials. 
Chapter 4 outlined the preparation of supramolecular polymers between a ditopic 
terpyridine ligand and Ln(III)-metal ions in the solid state. It has been shown that the 
morphology of the coordination polymers, which was investigated by SEM and microscope 
emission images, strongly depends on the ligand to metal ratio used during the self-assembly 
process in solution (Figure 5.2).  
 
 






The sample in a ligand to metal ratio of 1:1 resulted in the formation of short rod-shaped 
particles. An increase of the ligand to metal ratio to 2:1 led to the formation of micron-sized 
fibres which can reach a length of up to 100 µm. For the sample in a ligand to metal ratio of 3:1 
the formation of a three-dimensional coordination network was observed and no individual 
particles with a distinct shape could be seen anymore. These results are in agreement with an 
increase of coordinated ligand to the Ln(III) metal ions which has also been shown by TGA and 
XPS elemental composition analysis of the three samples. All samples prepared herein show a 
strong bright characteristic red emission upon UV-excitation indicating that the ligand used 
herein can also act as an efficient sensitizer for Eu(III) emission. The energy transfer process 
for the Eu(III) emission was further investigated by emission lifetime kinetics of the rarely 
observed 5D1 → 7FJ transition as well as phosphorescence spectra of the related Gd(III) samples. 
Next to the morphology of the samples the ligand triplet state energies, derived from the 
phosphorescence spectra, show a strong dependence on the ligand to metal ratio. Furthermore, 
the micron-sized fibres obtained at a ligand to metal ratio of 2:1, can act as efficient optical 
wave-guides. The results obtained in this chapter represent the first example of optical wave-
guiding fibres which consist of coordination supramolecular polymers derived from a self-
assembly process in solution. Such optical wave-guides can be used for optical signal 
transmission, concentration of emissive light in a small region, and potential amplified 
spontaneous emission sources. Lanthanide emission is especially suited for many such 
applications due to the low emission losses due to self-absorption since the red emission is 
greatly shifted from the ligand absorption. 
 
5.2 Future work 
 
Since three chapters in this thesis focus on different approaches and use different ligand systems, 
the future work can also be divided individually for each chapter. The monotopic pybox ligands 
described in chapter 2 clearly showed that the highest Eu(III) quantum yields were obtained for 
the ligand Pybox3Th while the ligand PyboxMes showed the highest quantum yield for the 
Tb(III) complexes. Although no distinct clear trend between the ligand triplet state energies and 
the overall quantum yields of the Eu(III) and Tb(III) quantum yields was obtained it is 
questionable whether the synthesis of further ligands with different substituents in the para-
position of the centre pybox pyridine ring will result in an improvement of the photophysical 





are available so that further substituted pybox ligands can be prepared. The focus of potential 
future should, however, be put on the incorporation of the best performing ligands Pybox3Th 
and PyboxMes into photoactive devices. For that in a first step the knowledge of the 
photophysical properties in solution, which were investigated herein, should be extended into 
the solid state. In a second step the Eu(III) and Tb(III) complexes should be incorporated into 
a polymeric matrix. A possible first candidate for such a matrix might be PMMA which has 
already been used for comparable Ln(III) complexes.4 Based on these results a further potential 
use of these lanthanide complexes in photoactive devices such as OLEDs can be accessed. 
Examples of OLEDs using lanthanide emission are already reported.5 However, some 
complexes used show lanthanide as well as ligand emission which resulted from an incomplete 
energy transfer.5 For initial test device fabrication, less sophisticated protocols can be adopted 
from reported transition metal devices.6 
 
In case of the ditopic ligands described in chapter 3 the future work can go into two directions; 
first to extend the knowledge and applications of the ligand systems reported herein and second 
to extend the available ligands. For the first approach the focus should be laid on the ligand 
DitopicPyboxPh due to its good Eu(III) quantum yield as well as high sensitization efficiency. 
The Eu(III) coordination polymers in a ligand to metal ratio of 1.5:1 might be used for the 
fabrication of photoactive devices in the same way as described for the monotopic pybox 
ligands. A current drawback of the current ligand is its low solubility which might hinder device 
fabrication. One solution to overcome that problem is to modify the ligand in such a way that 
its solubility is increased. Since it is not preferred to change the coordinating pybox moieties, 
potential ligand substitution should be done on the spacer. The first example in Figure 5.3 shows 
a possible future ligand where an aliphatic chain might lead to an increased solubility in non-
polar solvents. It is also possible to introduce polar groups to enhance solubility in polar 
solvents. The ultimate goal would be to make the ligand soluble in water which would open the 









Figure 5.3: Examples for substituted ditopic pybox ligands. 
 
Another thing which should be kept in mind for further ligand substitution is that additional 
groups might also affect the triplet state energies as well as the overall photophysical properties. 
This might be especially true for large groups on the spacer which might force the ligand to be 
out of plane which would result in a less conjugated ligand system. Another possible ligand 
substitution can be performed on the pybox oxazoline rings such as seen in second ligand 
example above. One application for pybox ligands is their use in asymmetric catalysis.7 As a 
result the synthesis of pybox ligands having stereocentres on their oxazoline rings is well known 
and the synthesis of such ligand systems should not result in major difficulties. Regarding 
lanthanide emissive complexes the overall aim of such a ligand substitution would be a potential 
change in morphology of the coordination polymers in solution. Bulky groups might not allow 
three ligands to coordinate to one lanthanide metal ion and as a result the only morphology 
which can be obtained is a polymeric chain. One drawback of the three-dimensional 
coordination network described in chapter 4 is that its solubility decreases upon the 
coordination of more ligand. By preventing the formation of a large network, coordination 
polymers with a higher molecular weight might be obtained similar to metallo-supramolecular 
transition metal polymers with ditopic ligands.8 One disadvantage which might arise are the 
available coordinating sites at the lanthanide metal ions which offer the potential for water to 
coordinate and quench the lanthanide emission. Another future direction is to move towards 
tritopic instead of ditopic ligands (Scheme 5.3). In a second step coordination polymers using 
both tritopic and ditopic ligands can be obtained whereby the ligand to ligand as well as the 







Scheme 5.3: Possible preparation of a two-dimensional Eu(III)-containing coordination 
network using a tritopic pybox-related ligand. 
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All commercially obtained chemicals were used as received without any further purification. 
Ln(NO3)·5H2O salts were stored in a glovebox under a controlled atmosphere. All solvents 
were of HPLC grade. If not otherwise stated all synthetic procedures and measurements were 
carried out at room temperature. 
 
6.1.2 General instrumentation for ligand characterization 
 
NMR spectra were recorded on a Bruker 400 MHz and on a JEOL 500 MHz spectrometer. 
Electrospray ionization (ESI) spectra were obtained from a Finnigan LCQ quadrupole ion trap 
mass spectrometer. High resolution mass spectra were recorded on a Shimdazu LCMS-IT-TOF 
Liquid Chromatograph Mass Spectrometer. Samples for mass spectra had a concentration of 
about 1 x 10-4 M and were filtered through a 0.2 µm syringe filter prior to injecting into the 
spectrometer. Elemental analysis was performed on a Thermo Scientific Elemental Analyzer 
(Flash 1112 Series) with a typical sample amount of around 2 mg. 
 
6.2 Synthetic procedures 
 
6.2.1 Synthesis of compounds from chapter 2 
 
Pyridine-2,6-dicarbonyl dichloride (1) 
The compound was synthesized according to a modified literature 
procedure.1 
Method A: Under N2, thionyl chloride (20 mL) was added dropwise to 
dimethylformamide (8 mL) and the resulting mixture was stirred at room temperature for 10 
min. Afterwards 2,6-pyridinedicarboxylic acid (4.0 g, 23.93 mmol) was added in small portions 
and stirring was maintained until complete dissolution. The reaction mixture was refluxed for 
two hours and allowed to cool down to room temperature afterwards. Excess of thionyl chloride 





by adding and evaporating dry toluene. This process was repeated twice. The residue was 
extracted with dry diethyl ether (4 x 25 mL). The organic phases were combined and the solvent 
was removed under reduced pressure. The product was obtained as a white solid (4.35 g, 18.24 
mmol, 76%) which was used without further purification. 1H NMR (400 MHz, CDCl3): δ (ppm) 
= 8.17 (t, 1H, 3JHH = 7.85 Hz, 4-PyH), 8.36 (d, 2H, 3JHH = 7.85 Hz, 3-PyH). 13C NMR (100 
MHz, CDCl3): δ (ppm) = 129.15, 139.57, 149.34, 169.55. 
Method B: A suspension of 2,6-pyridinedicarboxylic acid (0.5 g, 1.79 mmol, 1 eq) in dry 
dichloromethane (20 mL) was added to oxalyl chloride (0.9 mL, 10.75 mmol, 6 eq) and a 
catalytic amount of dimethylformamide (3 drops) under a positive pressure of nitrogen. The 
reaction mixture was stirred at room temperature for three hours and was filtered through a pad 
of celite afterwards. After evaporation of the solvent the product was obtained as a light yellow 
solid (0.45 g, 1.43 mmol, 80%) that was used without further purification. 1H NMR (400 MHz, 
CDCl3): δ (ppm) = 8.15 (t, 1H, 3JHH = 8.08 Hz, 4-PyH), 8.36 (d, 2H, 3JHH = 8.08 Hz, 3-PyH). 
13C NMR (100 MHz, CDCl3): δ (ppm) = 129.10, 139.51, 149.45, 169.62. 
 
N2,N6-Bis(2-chloroethyl)pyridine-2,6-dicarboxamide (2) 
The compound was synthesized according to a modified 
literature procedure (Method A).1 
Method A: A solution of 2-aminoethanol (1.7 mL, 27.28 
mmol, 2 eq) and triethylamine (15.2 mL ,109.12 mmol, 8 eq) in dry dichloromethane (5 mL) 
was slowly added to a solution of pyridine-2,6-dicarbonyl dichloride (1) (2.78 g, 13.64 mmol, 
1 eq) in dry dichloromethane (30 mL) at 0 °C. The resulting mixture was stirred for 24 hours at 
room temperature. Afterwards the solution was cooled to 0 °C and thionyl chloride (30 mL) 
was added slowly. After complete addition, the mixture was set to reflux for four hours and 
allowed to cool down to room temperature afterwards. The remaining excess of thionyl chloride 
was removed by adding and evaporating dry toluene. This process was repeated twice. The 
residue was extracted with dichloromethane (3 x 70 mL). The combined organic phases were 
washed with water (3 x 50 mL) and dried over MgSO4. Evaporation of the solvent yielded a 
black oily solid which was purified by column chromatography (silica, hexane / ethyl acetate : 
1 / 2, Rf = 0.22) and recrystallized from absolute ethanol, giving the desired product as a beige 
solid (1.83 g, 6.31 mmol, 46%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.74 (t, 4H, 3JHH = 
5.28 Hz, CH2Cl), 3.83 – 3.87 (m, 4H, CH2N), 8.05 (t, 1H, 3JHH = 7.71, 4-PyH), 8.26 (br m, 2H, 





43.98, 125.44, 139.36, 148.61, 163.70. ES+ TOF HRMS (CHCl3): m/z 290.0471 [M + H]+ (calc. 
for C11H14Cl2N3O2+ 290.0458). 
Method B: To a solution of 2-chloroethanolamine hydrochloride (2.27 g, 19.61 mmol, 2.5 eq) 
and potassium hydroxide (2.20 g, 39.20 mmol, 5 eq) in water (60 mL) was added a solution of 
pyridine-2,6-dicarbonyl dichloride (1) (1.60 g, 7.84 mmol, 1 eq) in dry dichloromethane (60 
mL) dropwise at 0 °C. The resulting solution was stirred for 24 h at room temperature. 
Afterwards the water phase was extracted with dichloromethane (3 x 60 mL). The combined 
organic phases were dried over MgSO4 and the solvent was removed under reduced pressure. 
Recrystallization of the solid residue from dichloromethane yielded the desired product as a 
white solid (1.55 g, 5.33 mmol, 68%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.76 (t, 4H, 3JHH 
= 5.51 Hz, CH2Cl), 3.85 – 3.89 (m, 4H, CH2N), 8.06 (t, 1H, 3JHH = 7.83, 4-PyH), 8.21 (br m, 
2H, NH), 8.37 (d, 2H, 3JHH = 7.83 Hz, 3-PyH).  
 
2,6-Bis(4,5-dihydrooxazol-2-yl)pyridine (PyboxH) 
The compound was synthesized according to a modified literature 
procedure.2  
To a stirred suspension of sodium hydride (60% in mineral oil, 0.85 g, 
21.36 mmol, 3.1 eq) in dry tetrahydrofuran (30 mL) was added a solution of N2,N6-bis(2-
chloroethyl)pyridine-2,6-dicarboxamide (2) (2 g, 6.89 mmol, 1 eq) in dry tetrahydrofuran (20 
mL) dropwise at 0 °C. The resulting mixture was stirred at room temperature overnight and 
filtered afterwards. The filtrate was diluted with dichloromethane (30 mL) and the organic 
phase was washed with water (2 x 30 mL) and brine (2 x 30 mL). After drying over MgSO4 the 
solvent was removed under reduced pressure and the light brown residue was washed with 
acetone (2 x 20 mL) and diethyl ether (2 x 20 mL), giving the desired product as a white powder 
(0.92 g, 4.24 mmol, 61%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 4.05 (t, 4H, 3JHH = 9.66 Hz, 
CH2N), 4.47 (t, 4H, 3JHH = 9.66 Hz, CH2O), 7.82 (t, 1H, 3JHH = 7.79, 4-PyH), 8.10 (d, 2H, 3JHH 
= 7.79 Hz, 3-PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 55.07, 68.29, 125.48, 137.32, 
146.76, 163.41. ES+ TOF HRMS (CHCl3): m/z 218.0932 [M + H]+ (calc. for C11H12N3O2+ 









Chelidonic acid (3) 
The compound was synthesized according to a modified literature 
procedure.3 
Sodium (29 g, 1.25 mol, 2.5 eq) was reacted with absolute ethanol (450 
mL) and the resulting solution was cooled down to 0 °C. Afterwards a 
mixture of ethyl oxalate (150 mL, 1.10 mol, 2.2 eq) and dry acetone (37 mL, 0.5 mol, 1 eq) was 
added at once and the resulting solution was stirred at room temperature for 30 min and heated 
up to 50 °C for an hour afterwards. The excess of ethanol was removed under reduced pressure. 
To the residue, aqueous hydrogen chloride solution (37%, 150 mL) was added at 0 °C. The 
resulting yellow precipitate was filtered off, washed with ice cold water (3 x 80 mL) and dried 
under vacuum, yielding acetone dioxalic ester as a yellow powder. Aqueous hydrogen chloride 
solution (37%, 150 mL) was added and the suspension was heated at 100 °C for 20 hours. The 
precipitate was filtered off, washed with ice cold water (3 x 100 mL) and ice cold acetone (2 x 
50 mL). After drying overnight at 130 °C the product was obtained as a beige solid (43.32 g, 
0.23 mol, 47%). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 6.87 (s, 2H, PyH).13C NMR (100 
MHz, DMSO-d6): δ (ppm) = 117.96, 155.60, 160.98, 179.75. 
 
Chelidamic acid (4) 
The compound was synthesized according to a modified literature 
procedure.3 
An aqueous ammonia solution (28%, 300 mL) was added dropwise to 
chelidonic acid (3) (30 g, 0.16 mol) at 0 °C. The resulting suspension 
was stirred at room temperature for two days. The excess of aqueous ammonia solution was 
removed under reduced pressure and the residue was boiled with water (100 mL) for 1 h. After 
cooling to room temperature the solution was adjusted to pH = 1 using aqueous hydrogen 
chloride solution (37%). The resulting precipitate was filtered off and washed with ice-cold 
water (3 x 50 mL) and ice-cold acetone (1 x 50 mL). After drying at 130 °C overnight, the 
product was obtained as a beige solid (22.16 g, 0.12 mol, 76%). 1H NMR (400 MHz, DMSO-
d6): δ (ppm) = 7.55 (s, 2H, PyH). 13C NMR (100 MHz, DMSO-d6): δ (ppm) = 114.83, 149.27, 








Diethyl 4-bromopyridine-2,6-dicarboxylate (5) 
The compound was synthesized according to a modified literature 
procedure.4 
To a vigorously stirred solution of bromine (10.6 mL, 206.4 mmol, 
3 eq) in petroleum benzene (60 mL) was added phosphorus 
tribromide (19.4 mL, 206.4 mmol, 3 eq). After stirring the mixture at room temperature for one 
hour, phosphorus pentrabromide was obtained by evaporating the excess of petroleum benzene 
under reduced pressure. Chelidamic acid (4) (12.6 g, 68.8 mmol, 1 eq) was added and the 
resulting solid mixture was heated at 90 °C for four hours. After cooling to room temperature 
chloroform (120 mL) was added and the resulting black solution was left overnight under 
nitrogen. The chloroform phase was separated and absolute ethanol (120 mL) was added 
dropwise at 0 °C. All solvents were removed under reduced pressure and the residue was 
recrystallized from absolute ethanol. The product was obtained as a white powder (12.10 g, 
40.05 mmol, 58 %). 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.44 (t, 6H, 3JHH = 7.11 Hz, CH3), 
4.48 (q, 4H, 3JHH = 7.15 Hz, CH2), 8.41 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 
14.31, 62.84, 131.18, 135.04, 149.63, 163.67. ES+ TOF HRMS (CHCl3): m/z 302.0031 [M + 
H]+ (calc. for C11H13BrNO4+ 302.0028). Anal. calcd. for C11H12BrNO4: C, 43.73; H, 4.00; N, 
4.64. Found: C, 43.83; H, 3.89; N, 4.69. 
 
4-Bromopyridine-2,6-dicarboxylic acid (6) 
The compound was synthesized according to a modified literature 
procedure.5 
Sodium hydroxide (4 g, 99.30 mmol, 6 eq) was dissolved in water (75 
mL) and to this solution diethyl 4-bromopyridine-2,6-dicarboxylate (5) 
(5 g, 16.55 mmol) was added. The resulting suspension was stirred at 100 °C for one hour and 
allowed to cool to room temperature afterwards. The pH was adjusted to 1 using 37% aqueous 
hydrogen chloride solution. The resulting precipitate was filtered off, washed with water (3 x 
30 mL) and dried under vacuum. The product was obtained as a white solid (3.93 g, 15.97 mmol, 
97%). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.37 (s, 2H, PyH). 13C NMR (100 MHz, 
DMSO-d6): δ (ppm) = 130.25, 134.26, 149.76, 164.56. Anal. calcd. for C7H4BrNO4: C, 34.17; 







4-Bromopyridine-2,6-dicarbonyl dichloride (7) 
The compound was synthesized according to a modified literature 
procedure.6 
To a solution of 4-bromopyridine-2,6-dicarboxylic acid (6) (3.13 g, 12.72 
mmol, 1 eq) in dry dichloromethane (150 mL) was added oxalyl chloride 
(4.3 mL, 50.88 mmol, 4 eq) and a catalytic amount of dimethylformamide (8 drops). The 
resulting solution was stirred at room temperature for six hours and filtered through a pad of 
celite afterwards. The solvent was removed under reduced pressure and the product was 
obtained as a light pink powder (2.82 g, 9.96 mmol, 90%). 1H NMR (400 MHz, CDCl3): δ 




The compound was synthesized according to a modified 
literature procedure.2 
To a solution of 2-chloroethanolamine hydrochloride (2.66 
g, 22.9 mmol, 2.3 eq) and potassium hydroxide (2.96 g, 
52.67 mmol ,4.6 eq) in water (100 mL) was added a solution of 4-bromopyridine-2,6-dicarbonyl 
dichloride (7) (2.82g, 11.45 mmol, 1 eq) in dry dichloromethane (100 mL) dropwise at 0 °C. 
The resulting solution was stirred for 24 hours at room temperature. Afterwards the water phase 
was extracted with dichloromethane (3 x 60 mL). The combined organic phases were dried over 
MgSO4 and the solvent was removed under reduced pressure. Recrystallization of the solid 
residue from dichloromethane : methanol / 95 : 5  yielded the desired product as a white solid 
(3.08 g, 8.35 mmol, 73%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.76 (t, 4H, 3JHH = 5.76 Hz, 
CH2Cl), 3.84 – 3.89 (m, 4H, CH2N), 8.08 (br s, 2H, NH), 8.52 (s, 2H, 3-PyH). 13C NMR (100 
MHz, CDCl3): δ (ppm) = 41.41, 43.98, 128.89, 136.67, 149.59, 162.48. ES+ TOF HRMS 
(CHCl3): m/z 367.9577 [M + H]+ (calc. for C11H13BrCl2N3O2+ 367.9563).  
 
2,2'-(4-Bromopyridine-2,6-diyl)bis(4,5-dihydrooxazole) (9) 
The compound was synthesized according to a modified literature 
procedure.2 
To a stirred suspension of sodium hydride (60% in mineral oil, 0.48 g, 





of 4-bromo-N2,N6-bis(2-chloroethyl)pyridine-2,6-dicarboxamide (8) (1.1 g, 2.98 mmol, 1 eq) 
in dry tetrahydrofuran (20 mL) dropwise at 0 °C. The resulting mixture was stirred overnight 
at room temperature and filtrated afterwards. The solution was concentrated under reduced 
pressure and redissolved in ethyl acetate (100 mL). The organic phase was washed with water 
(3 x 70 mL) and the solvent was removed under reduced pressure. After recrystallization from 
absolute ethanol the product was obtained as a white solid (0.51 g, 1.69 mmol, 57%). 1H NMR 
(400 MHz, CDCl3): δ (ppm) = 4.12 (t, 4H, 3JHH = 9.81 Hz, CH2N), 4.54 (t, 4H, 3JHH = 9.81 Hz, 
CH2O), 8.34 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 55.23, 68.70, 125.86, 
145.57, 148.11, 162.78. ES+ TOF HRMS (CHCl3): m/z 296.0043 [M + H]+ (calc. for 
C11H11BrN3O2+ 296.0029). 
 
Diethyl 4-phenylpyridine-2,6-dicarboxylate (10) 
A mixture of diethyl 4-bromopyridine-2,6-dicarboxylate (5) (1.5 
g, 4.96 mmol, 1 eq), phenylboronic acid (0.6 g, 4.96 mmol, 1 eq), 
Pd(PPh3)4 (0.2 g, 3.5 mol%), and K3PO4 (3.16 g, 14.88 mmol, 3 
eq) was degassed and backfilled with N2 three times. To this dry 
and degassed dimethylformamide (20 mL) was added. The 
resulting mixture was stirred at 100 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The resulting dark brown solid was purified by 
column chromatography (silica, dichloromethane / methanol, gradient elution from 100 / 0 to 
95 / 5, Rf = 0.59), giving the desired product as a white powder (0.82 g, 2.74 mmol, 55 %). 1H 
NMR (400 MHz, CDCl3): δ (ppm) = 1.48 (t, 6H, 3JHH = 7.13 Hz, CH3), 4.52 (q, 4H, 3JHH = 7.14 
Hz, CH2), 7.48 – 7.56 (m, 3H, ArH), 7.73 – 7.78 (m, 2H, ArH), 8.51 (s, 2H, PyH). 13C NMR 
(100 MHz, CDCl3): δ (ppm) = 14.39, 62.58, 125.68, 127.32, 129.54, 130.20, 136.53, 149.38, 
151.16, 164.99. ES+ TOF HRMS (CHCl3): m/z 300.1234 [M + H]+ (calc. for C17H18NO4+ 
300.1230).  
 
4-Phenylpyridine-2,6-dicarboxylic acid (11) 
The compound was synthesized according to a modified literature 
procedure (Method B).7  
Method A: Sodium hydroxide (0.16 g, 4.01 mmol, 6 eq) was dissolved 
in water (50 mL) and to this solution diethyl 4-phenylpyridine-2,6-





added (around 10 mL) until a clear solution was obtained. The resulting suspension was stirred 
at 100 °C for one hour during which the solution turned light brown. After allowing the solution 
to cool to room temperature, the pH was adjusted to 1 using 37% aqueous hydrogen chloride 
solution. The resulting precipitate was filtered off, washed with water (3 x 20 mL) and dried 
under vacuum. The product was obtained as a dark grey solid (7 mg, 0.03 mmol, 5%). 1H NMR 
(400 MHz, DMSO-d6): δ (ppm) = 7.55 – 7.60 (m, 3H, ArH), 7.89 – 7.94 (m, 2H, ArH), 8.46 (s, 
2H, PyH). 
Method B: To a solution of diethyl 4-phenylpyridine-2,6-dicarboxylate (10) (0.5 g, 1.67 mmol, 
1 eq) in a water / ethanol mixture (2 : 1 / 50 mL : 25 mL) was added potassium carbonate (1 g). 
The solution was stirred at room temperature for 18 h and was cooled down to 0 °C afterwards. 
The pH was adjusted to 1 using 37% aqueous hydrogen chloride solution. The resulting 
precipitate was filtered off, washed with water (3 x 20 mL) and dried under vacuum. The 
product was obtained as a grey solid (0.33 g, 1.33 mmol, 80%). 1H NMR (400 MHz, DMSO-
d6): δ (ppm) = 7.52 – 7.58 (m, 3H, ArH), 7.87 – 7.92 (m, 2H, ArH), 8.42 (s, 2H, PyH). 13C 
NMR (100 MHz, DMSO-d6): δ (ppm) = 123.81, 127.14, 129.43, 129.92, 136.15, 149.79, 150.30, 
165.99. 
 
4-Phenylpyridine-2,6-dicarbonyl dichloride (12) 
To a solution of 4-phenylpyridine-2,6-dicarboxylic acid (11) (0.3 g, 1.23 
mmol, 1 eq) in dry dichloromethane (50 mL) was added oxalyl chloride 
(0.4  mL, 4.93 mmol, 4 eq) and a catalytic amount of dimethylformamide 
(4 drops). The resulting solution was stirred at room temperature for six 
hours. After removal of the solvent under reduced pressure the product 
was obtained as a light pink powder (0.29 g, 1.05 mmol, 85%). 1H NMR (400 MHz, CDCl3): δ 
(ppm) = 7.55 – 7.59 (m, 3H, ArH), 7.70 – 7.75 (m, 2H, ArH), 8.54 (s, 2H, PyH). 13C NMR (100 
MHz, CDCl3): δ (ppm) = 126.65, 127.38, 129.90, 131.06, 135.19, 150.02, 152.68, 169.92. 
 
N2,N6-Bis(2-chloroethyl)-4-phenylpyridine-2,6-dicarboxamide (13) 
To a solution of 2-chloroethanolamine hydrochloride (0.26 
g, 2.23 mmol, 2.5 eq) and potassium hydroxide (0.25 g, 
4.45 mmol, 5 eq) in water (100 mL) was added a solution 
of 4-phenylpyridine-2,6-dicarbonyl dichloride (12) (0.25 





dropwise at 0 °C. The resulting solution was stirred for 24 hours at room temperature. 
Afterwards the water phase was extracted with dichloromethane (3 x 30 mL). The combined 
organic phases were dried over MgSO4 and the solvent was removed under reduced pressure. 
Recrystallization of the solid residue from ethanol yielded the desired product as a white solid 
(0.21 g, 0.57 mmol, 64%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.76 (t, 4H, 3JHH = 5.48 Hz, 
CH2Cl), 3.85 – 3.89 (m, 4H, CH2N), 7.45 – 7.51 (m, 3H, ArH), 7.74 – 7.76 (m, 2H, ArH), 8.38 
(br m, 2H, NH), 8.60 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 41.44, 43.94, 
122.92, 127.90, 129.46, 130.19, 136.53, 149.25, 151.92, 163.89. ES+ TOF HRMS (CHCl3): 
m/z 366.0786 [M + H]+ (calc. for C17H18Cl2N3O2+ 366.0771). 
 
Diethyl 4-(4-(trifluoromethyl)phenyl)pyridine-2,6-dicarboxylate (14) 
A mixture of diethyl 4-bromopyridine-2,6-dicarboxylate (5) (0.22 
g, 0.72 mmol, 1 eq), 4-(trifluoromethyl)phenylboronic acid (0.14 
g, 0.72 mmol, 1 eq), Pd(PPh3)4 (30 mg, 3.5 mol%), and K3PO4 
(0.45 g, 2.16 mmol, 3 eq) was degassed and backfilled with N2 
three times. To this dry and degassed dimethylformamide (15 mL) 
was added. The resulting mixture was stirred at 100 °C for 48 
hours. After cooling to room temperature the solvent was removed under reduced pressure. The 
resulting dark brown solid was purified by column chromatography (silica, dichloromethane / 
methanol, gradient elution from 100 / 0 to 95 / 5, Rf = 0.53), giving the desired product as a 
white powder (26 mg, 0.07 mmol, 10 %). 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.48 (t, 6H, 
3JHH = 7.21 Hz, CH3), 4.52 (q, 4H, 3JHH = 7.21 Hz, CH2), 7.80 (d, 2H, 3JHH = 8.08 Hz, ArH), 
7.86 (d, 2H, 3JHH = 8.08 Hz, ArH), 8.51 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 
14.37, 62.73, 125.79, 126.54, 127.82, 130.97, 132.30, 132.77, 140.10, 149.68, 164.73. ES+ 
TOF HRMS (CHCl3): m/z 368.1112 [M + H]+ (calc. for C18H17F3NO4+ 368.1104). 
 
Diethyl 4-(naphthalen-2-yl)pyridine-2,6-dicarboxylate (15) 
A mixture of diethyl 4-bromopyridine-2,6-dicarboxylate (5) (1.14 
g, 6.62 mmol, 1 eq), 2-naphthylboronic acid (1.14 g, 6.62 mmol, 
1 eq), Pd(PPh3)4 (0.31 g, 4 mol%), and K3PO4 (4.22 g, 19.86 mmol, 
3 eq) was degassed and backfilled with N2 three times. To this dry 
and degassed dimethylformamide (50 mL) was added. The 





to room temperature the solvent was removed under reduced pressure. The desired product was 
obtained as a light yellow solid after recrystallization from absolute ethanol (0.34 g, 0.99 mmol, 
15 %). 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.50 (t, 6H, 3JHH = 7.13 Hz, CH3), 4.54 (q, 4H, 
3JHH = 7.10 Hz, CH2), 7.65-7.70 (m, 2H, ArH), 7.84-8.02 (m, 4H, ArH), 8.26 (s, 1H, ArH), 8.65 
(s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 14.42, 62.61, 124.27, 125.81, 127.16, 
127.25, 127.57, 127.93, 128.81, 129.50, 132.13, 132.22, 132.32, 149.0, 151.07, 165.08. ES+ 
TOF HRMS (CHCl3): m/z 350.1395 [M + H]+ (calc. for C21H20NO4+ 350.1387). 
 
2,2'-(4-Phenylpyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxPh) 
The compound was synthesized according to a modified literature 
procedure (Method A).8 
Method A: Under N2, to a stirred suspension of sodium hydride (60% 
in mineral oil, 92 mg, 2.28 mmol, 3 eq) in dry tetrahydrofuran (20 mL) 
was added a solution of N2,N6-bis(2-chloroethyl)-4-phenylpyridine-2,6-
dicarboxamide (13) (0.28 g, 0.76 mmol, 1 eq) in dry tetrahydrofuran (10 mL) dropwise at 0 °C. 
The resulting mixture was stirred overnight at room temperature and filtrated afterwards. The 
solvent was removed under reduced pressure. After recrystallization from absolute ethanol the 
product was obtained as a white solid (0.12 g, 0.41 mmol, 54%). 1H NMR (400 MHz, CDCl3): 
δ (ppm) = 4.15 (t, 4H, 3JHH = 9.50 Hz, CH2N), 4.57 (t, 4H, 3JHH = 9.50 Hz, CH2O), 7.47 – 7.52 
(m, 3H, ArH), 7.74 – 7.77 (m, 2H, ArH), 8.41 (s, 2H, PyH). ES+ TOF HRMS (CHCl3): m/z 
294.1251 [M + H]+ (calc. for C17H16N3O2+ 294.1237). 
Method B: A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.5 g, 1.69 mmol, 1.2 eq), 
phenylboronic acid (172 mg, 1.41 mmol, 1 eq), Pd(PPh3)4 (65 mg, 4 mol%), and K3PO4 (1.49 
g, 7.04 mmol, 5 eq) was degassed and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was stirred at 100 °C for 48 
hours. After cooling to room temperature the solvent was removed under reduced pressure. The 
solid residue was extracted with chloroform (3 x 50 mL). After filtration the solvent was 
removed under reduced pressure. Recrystallization from absolute ethanol yielded the desired 
product as a white solid (0.36 g, 1.23 mmol, 73%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 
4.15 (t, 4H, 3JHH = 9.70 Hz, CH2N), 4.56 (t, 4H, 3JHH = 9.70 Hz, CH2O), 7.46 – 7.51 (m, 3H, 
ArH), 7.74 – 7.76 (m, 2H, ArH), 8.42 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 





(CHCl3): m/z 294.1245 [M + H]+ (calc. for C17H16N3O2+ 294.1237). Anal. calcd. for 
C17H15N3O2: C, 69.21; H, 5.15; N, 14.33. Found: C, 69.52; H, 5.04; N, 14.27. 
 
2',6'-Bis(4,5-dihydrooxazol-2-yl)-3,4'-bipyridine (PyboxPy) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 3-pyridinylboronic acid  (69 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 
(33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed 
and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the solvent was removed 
under reduced pressure. The solid residue was extracted with chloroform (3 x 50 mL) and 
filtered. The organic phase was washed with water (3 x 30 mL), dried over MgSO4 and filtered. 
The solvent was removed under reduced pressure. Recrystallization from absolute ethanol 
yielded the desired product as a white solid (80 mg, 0.27 mmol, 48%).1H NMR (500 MHz, 
CDCl3): δ (ppm) =  4.14 (t, 4H, 3JHH = 9.56 Hz, CH2N), 4.56 (t, 4H, 3JHH = 9.56 Hz, CH2O), 
7.43 (ddd, 1H, 3JHH = 8.01 Hz, 3JHH = 4.86 Hz, 5JHH = 0.81 Hz, 5-PyH), 8.02 (ddd, 1H, 3JHH = 
8.98 Hz, 4JHH = 2.42 Hz, 4JHH = 1.61 Hz, 4-PyH), 8.40 (s, 2H, PyH), 8.71 (dd, 1H, 3JHH = 4.79 
Hz, 4JHH = 1.60 Hz, 6-PyH), 8.98 (dd, 1H, 4JHH = 2.47 Hz, 5JHH = 0.79 Hz, 2-PyH). 13C NMR 
(100 MHz, CDCl3): δ (ppm) = 55.51, 68.90, 123.59, 124.24, 132.91, 134.88, 147.36, 148.08, 
148.60, 151.22, 163.83. ES+ TOF HRMS (CHCl3): m/z 295.1198 [M + H]+ (calc. For 
C16H15N4O2+ 295.1190). Anal. calcd. for C16H14N4O2: C, 65.30; H, 4.79; N, 19.04. Found: C, 
65.17; H, 4.75; N, 18.95. 
 
2,2'-(4-(Furan-3-yl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxFur) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 3-furanylboronic acid (63 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 (33 
mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed and 
backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the solvent was removed 
under reduced pressure. The solid residue was extracted with chloroform (3 x 50 mL) and 
filtered. The organic phase was washed with water (3 x 30 mL), dried over MgSO4 and filtered. 





yielded the desired product as a white solid (51 mg, 0.18 mmol, 33%). 1H NMR (500 MHz, 
CDCl3): δ (ppm) = 4.12 (t, 4H, 3JHH = 9.82 Hz, CH2N), 4.53 (t, 4H, 3JHH = 9.82 Hz, CH2O), 
6.82 (dd, 1H, 3JHH = 1.93 Hz, 4JHH = 0.91 Hz, 4-FurH), 7.51 (dd, 1H, 3JHH = 1.88 Hz, 4JHH = 
1.61 Hz, 5-FurH). 7.98 (dd, 1H, 4JHH = 1.59 Hz, 4JHH = 0.95 Hz, 2-FurH), 8.22 (s, 2H, PyH). 
13C NMR (100 MHz, CDCl3): δ (ppm) = 55.44, 68.78, 108.58, 122.25, 123.84, 141.68, 142.24, 
145.06, 147.73, 164.04. ES+ TOF HRMS (CHCl3): m/z 284.1027 [M + H]+ (calc. for 
C15H14N3O3+ 284.1030). Anal. calcd. for C15H13N3O3: C, 63.60; H, 4.63; N, 14.83. Found: C, 
63.44; H, 4.71; N, 14.80. 
 
2,2'-(4-(Thiophen-3-yl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (Pybox3Th) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 3-thienylboronic acid (72 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 (33 
mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed and 
backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the solvent was removed 
under reduced pressure. The solid residue was extracted with chloroform (3 x 50 mL) and 
filtered. The organic phase was washed with water (3 x 30 mL), dried over MgSO4 and 
filtered.The solvent was removed under reduced pressure. Recrystallization from absolute 
ethanol yielded the desired product as a white solid (90 mg, 0.30 mmol, 54%). 1H NMR (500 
MHz, CDCl3): δ (ppm) = 4.11 (t, 4H, 3JHH = 9.79 Hz, CH2N), 4.53 (t, 4H, 3JHH = 9.79 Hz, 
CH2O), 7.42 (dd, 1H, 3JHH = 4.98 Hz, 4JHH = 2.96 Hz, 5-ThH). 7.51 (dd, 1H, 3JHH = 5.05 Hz, 
4JHH = 1.34 Hz, 4-ThH), 7.80 (dd, 1H, 4JHH = 2.94 Hz, 4JHH = 1.34 Hz, 2-ThH), 8.34 (s, 2H, 
PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 55.46, 68.72, 122.77, 124.80, 126.06, 127.78, 
138.54, 144.67, 147.82, 164.07. ES+ TOF HRMS (CHCl3): m/z 300.0811 [M + H]+ (calc. For 
C15H14N3O2S+ 300.0801). Anal. calcd. for C15H13N3O2S: C, 60.18; H, 4.38; N, 14.04. Found: 
C, 60.02; H, 4.47; N, 13.92. 
 
2,2'-(4-(Thiophen-2-yl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (Pybox2Th) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 2-thienylboronic acid (72 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 (33 
mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed and 





dimethylformamide (20 mL) was added. The resulting mixture was stirred at 100 °C for 48 
hours. After cooling to room temperature the solvent was removed under reduced pressure. The 
solid residue was extracted with chloroform (3 x 50 mL) and filtered. The organic phase was 
washed with water (3 x 30 mL), dried over MgSO4 and filtered. The solvent was removed under 
reduced pressure. Recrystallization from absolute ethanol yielded the desired product as a white 
solid (72 mg, 0.24 mmol, 43%). 1H NMR (400 MHz, MeCN-d3): δ (ppm) = 4.10 (t, 4H, 3JHH = 
9.73 Hz, CH2N), 4.52 (t, 4H, 3JHH = 9.73 Hz, CH2O), 7.23 (dd, 1H, 3JHH = 4.97 Hz, 3JHH = 3.88 
Hz, 4-ThH), 7.65 (dd, 1H, 3JHH = 4.94 Hz, 4JHH = 0.95 Hz, 3-ThH), 7.81 (dd, 1H, 3JHH = 3.95 
Hz, 4JHH = 1.01 Hz, 5-ThH), 8.33 (s, 2H, PyH). 13C NMR (125 MHz, CDCl3): δ (ppm) = 55.15, 
68.49, 121.41, 126.65, 128.40, 128.72, 139.89, 143.29, 147.50, 163.61. ES+ TOF HRMS 
(CHCl3): m/z 300.0803 [M + H]+ (calc. For C15H14N3O2S+ 300.0801). Anal. calcd. for 
C15H13N3O2S·0.4 H2O: C, 58.67; H, 4.66; N, 13.50. Found: C, 58.78; H, 4.70; N, 13.45. 
 
2,2'-(4-(4-(Trifluoromethyl)phenyl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxCF3) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 4-(trifluoromethyl)phenylboronic acid (107 mg, 0.56 mmol, 1 
eq), Pd(PPh3)4 (33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) 
was degassed and backfilled with N2 three times. To this dry and 
degassed dimethylformamide (20 mL) was added. The resulting mixture 
was stirred at 100 °C for 48 hours. After cooling to room temperature 
the solvent was removed under reduced pressure. The solid residue was extracted with 
chloroform (3 x 50 mL) and filtered. The organic phase was washed with water (3 x 30 mL), 
dried over MgSO4 and filtered. The solvent was removed under reduced pressure. 
Recrystallization from absolute ethanol yielded the desired product as a white solid (90 mg, 
0.25 mmol, 45%). 1H NMR (400 MHz, CDCl3): δ (ppm) =  4.16 (t, 4H, 3JHH = 9.59 Hz, CH2N), 
4.58 (t, 4H, 3JHH = 9.59 Hz, CH2O), 7.76 (d, 2H, 3JHH = 7.86 Hz, -C-CH-CH-C-CF3), 7.86 (d, 
2H, 3JHH = 7.86 Hz, -C-CH-CH-C-CF3), 8.42 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ 
(ppm) = 55.27, 68.65, 123.53, 126.37, 127.76, 131.73, 132.05, 140.34, 147.81, 148.64, 163.63. 
ES+ TOF HRMS (CHCl3): m/z 362.1103 [M + H]+ (calc. For C18H15F3N3O2+ 362.1111). Anal. 









A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 4-(methylthio)phenylboronic acid (95 mg, 0.56 mmol, 1 eq), 
Pd(PPh3)4 (33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was 
degassed and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The solid residue was extracted with chloroform 
(3 x 50 mL) and filtered. The organic phase was washed with water (3 x 30 mL), dried over 
MgSO4 and filtered. The solvent was removed under reduced pressure. Recrystallization from 
absolute ethanol yielded the desired product as a white solid (119 mg, 0.35 mmol, 63%). 1H 
NMR (400 MHz, CDCl3): δ (ppm) = 2.53 (s, 3H, -S-CH3), 4.14 (t, 4H, 3JHH = 9.82 Hz, CH2N), 
4.56 (t, 4H, 3JHH = 9.82 Hz, CH2O), 7.34 (d, 2H, 3JHH = 7.64 Hz, -C-CH-CH-C-SMe), 7.69 (d, 
2H, 3JHH = 7.59 Hz, -C-CH-CH-C-SMe), 8.39 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ 
(ppm) = 15.69, 55.49, 68.80, 123.12, 126.93, 127.76, 133.25, 141.88, 147.78, 149.65, 164.12. 
ES+ TOF HRMS (CHCl3): m/z 340.1132 [M + H]+ (calc. For C18H18N3O2S+ 340.1114). Anal. 




A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 4-methoxyphenylboronic acid (86 mg, 0.56 mmol, 1 eq), 
Pd(PPh3)4 (33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was 
degassed and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The solid residue was extracted with chloroform 
(3 x 50 mL) and filtered. The organic phase was washed with water (3 x 30 mL), dried over 
MgSO4 and filtered. The solvent was removed under reduced pressure. Recrystallization from 
absolute ethanol yielded the desired product as a white solid (126 mg, 0.39 mmol, 69%). 1H 
NMR (400 MHz, CDCl3): δ (ppm) = 3.87 (s, 3H, -O-CH3), 4.14 (t, 4H, 3JHH = 9.96 Hz, CH2N), 
4.56 (t, 4H, 3JHH = 9.96 Hz, CH2O), 7.00 (d, 2H, 3JHH = 8.44 Hz, -C-CH-CH-C-OMe), 7.72 (d, 





(ppm) = 55.46, 55.82, 68.76, 115.06, 122.98, 128.82, 129.20, 147.63, 149.88, 161.54, 164.21. 
ES+ TOF HRMS (CHCl3): m/z 324.1351 [M + H]+ (calc. For C18H18N3O3+ 324.1343). Anal. 
calcd. for C18H17N3O3·0.5 H2O: C, 65.05; H, 5.46; N, 12.64. Found: C, 65.17, H, 5.28; N, 12.51. 
 
2,2'-(4-(p-Tolyl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxTol) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 4-methylphenylboronic acid (77 mg, 0.56 mmol, 1 eq), 
Pd(PPh3)4 (33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was 
degassed and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The solid residue was extracted with chloroform 
(3 x 50 mL) and filtered. The organic phase was washed with water (3 x 30 mL), dried over 
MgSO4 and filtered. The solvent was removed under reduced pressure. Recrystallization from 
absolute ethanol yielded the desired product as a white solid (98 mg, 0.32 mmol, 58%). 1H 
NMR (400 MHz, CDCl3): δ (ppm) = 2.41 (s, 3H, -CH3), 4.14 (t, 4H, 3JHH = 9.96 Hz, CH2N), 
4.56 (t, 4H, 3JHH = 9.96 Hz, CH2O), 7.29 (d, 2H, 3JHH = 8.03 Hz, -C-CH-CH-C-CH3), 7.66 (d, 
2H, 3JHH = 8.03 Hz, -C-CH-CH-C-CH3), 8.40 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ 
(ppm) = 21.64, 55.48, 68.76, 123.35, 127.35, 130.33, 133.98, 140.43, 147.66, 150.23, 164.13. 
ES+ TOF HRMS (CHCl3): m/z 308.1413 [M + H]+ (calc. For C18H18N3O2+ 308.1394). Anal. 
calcd. for C18H17N3O2: C, 70.34; H, 5.58; N, 13.67. Found: C, 70.25; H, 5.69; N, 13.58. 
 
2,2'-(4-Mesitylpyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxMes) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 2,4,6-trimethylphenylboronic acid (92 mg, 0.56 mmol, 1 eq), 
Pd(PPh3)4 (33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was 
degassed and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The solid residue was extracted with chloroform 
(3 x 50 mL) and filtered. The organic phase was washed with water (3 x 30 mL), dried over 
MgSO4 and filtered. The solvent was removed under reduced pressure. Recrystallization from 





NMR (400 MHz, CDCl3): δ (ppm) = 1.98 (s, 6H, m-CH3) 2.32 (s, 3H, p-CH3), 4.12 (t, 4H, 3JHH 
= 9.73 Hz, CH2N), 4.54 (t, 4H, 3JHH = 9.73 Hz, CH2O), 6.93 (s, 2H, ArH), 7.97 (s, 2H, PyH). 
13C NMR (100 MHz, CDCl3): δ (ppm) = 20.70, 21.19, 55.24, 68.50, 125.59, 126.84, 128.57, 
135.02, 138.08, 147.23, 151.74, 163.75. ES+ TOF HRMS (CHCl3): m/z 336.1724 [M + H]+ 
(calc. for C20H22N3O2+ 336.1707). Anal. calcd. for C20H21N3O2: C, 71.62; H, 6.31; N, 12.53. 
Found: 71.31, H, 5.98; N, 12.43. 
 
2,2'-(4-(2,6-Dimethoxyphenyl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (Pybox26OMe) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 2,6-dimethoxyphenylboronic acid (102 mg, 0.56 mmol, 1 eq), 
Pd(PPh3)4 (33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was 
degassed and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the solvent was removed 
under reduced pressure. The solid residue was extracted with chloroform (3 x 50 mL) and 
filtered. The organic phase was washed with water (3 x 30 mL), dried over MgSO4 and filtered. 
The solvent was removed under reduced pressure. Recrystallization from absolute ethanol 
yielded the desired product as a white solid (127 mg, 0.36 mmol, 65%). 1H NMR (400 MHz, 
CDCl3): δ (ppm) = 3.72 (s, 6H, O-CH3), 4.11 (t, 4H, 3JHH = 9.66 Hz, CH2N), 4.52 (t, 4H, 3JHH 
= 9.66 Hz, CH2O), 6.62 (d, 2H, 3JHH = 8.47 Hz, p-PhH), 7.31 (t, 1H, 3JHH = 8.47 Hz, m-PhH), 
8.13 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 55.20, 56.02, 68.35, 104.13, 115.53, 
128.49, 130.52, 144.98, 146.22, 157.46, 164.08. ES+ TOF HRMS (CHCl3): m/z 354.1470 [M 
+ H]+ (calc. For C19H20N3O4+ 354.1448). Anal. calcd. for C19H19N3O4·1.3 H2O: C, 60.57; H, 
5.78; N, 11.15. Found: C, 60.52, H, 5.50; N, 11.04. 
 
2,2'-(4-([1,1'-Biphenyl]-4-yl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxBiPh) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 4-biphenylboronic acid  (111 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 
(33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed 
and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the 





extracted with chloroform (3 x 50 mL) and filtered. The organic phase was washed with water 
(3 x 30 mL), dried over MgSO4 and filtered. The solid residue was washed with ethanol after 
which the the desired product was obtained as an off-white solid (111 mg, 0.30 mmol, 53%). 
1H NMR (400 MHz, CDCl3): δ (ppm) = 4.16 (t, 4H, 3JHH = 9.63 Hz, CH2N), 4.57 (t, 4H, 3JHH 
= 9.63 Hz, CH2O), 7.37 – 7.83 (m, 9H, BiPhH), 8.46 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): 
δ (ppm) = 55.48, 68.83, 123.44, 127.52, 127.64, 128.29, 129.33, 135.70, 140.39, 143.10, 147.74, 
149.90, 164.10. ES+ TOF HRMS (CHCl3): m/z 370.1554 [M + H]+ (calc. for C23H20N3O2+ 
370.1550). Anal. calcd. for C23H19N3O2·0.4 H2O: C, 73.35; H, 5.30; N, 11.16. Found: C, 72.97; 
H, 4.85; N, 11.11. 
 
2,2'-(4-(Naphthalen-2-yl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxNaph) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 2-naphthylboronic acid (97 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 (33 
mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed and 
backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The solid residue was extracted with chloroform 
(3 x 50 mL) and filtered. The organic phase was washed with water (3 x 30 mL), dried over 
MgSO4 and filtered. The solvent was removed under reduced pressure. Recrystallization from 
absolute ethanol yielded the desired product as an off-white solid (113 mg, 0.33 mmol, 59%). 
1H NMR (400 MHz, CDCl3): δ (ppm) = 4.17 (t, 4H, 3JHH = 9.99 Hz, CH2N), 4.58 (t, 4H, 3JHH 
= 9.99 Hz, CH2O), 7.54 – 8.27 (m, 7H, NaphH), 8.56 (s, 2H, PyH). 13C NMR (100 MHz, CDCl3): 
δ (ppm) = 55.24, 68.57, 77.6, 123.55, 124.36, 127.00, 127.11, 127.36, 127.86, 128.73, 129.26, 
133.56, 133.89, 147.52, 150.03, 163.89. ES+ TOF HRMS (CHCl3): m/z 344.1396 [M + H]+ 
(calc. for C21H18N3O2+ 344.1394). Anal. calcd. for C21H17N3O2·H2O: C, 69.79; H, 5.30; N, 












A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), 9-anthraceneboronic acid  (125 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 
(33 mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed 
and backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the solvent was removed 
under reduced pressure. The solid residue was extracted with chloroform (3 x 50 mL) and 
filtered. The organic phase was washed with water (3 x 30 mL), dried over MgSO4 and filtered. 
The solvent was removed under reduced pressure. Recrystallization from absolute ethanol 
yielded the desired product as a dark yellow solid (51 mg, 0.13 mmol, 23%). 1H NMR (400 
MHz, MeCN-d3): δ (ppm) = 4.06 (t, 4H, 3JHH = 9.36 Hz, CH2N), 4.52 (t, 4H, 3JHH = 9.36 Hz, 
CH2O), 7.41 – 7.57 (m, 4H, AnthH), 8.15 (d, 4H, 3JHH = 8.41 Hz, AnthH), 8.19 (s, 1H, AnthH), 
8.69 (s, 2H, PyH). ES+ TOF HRMS (CHCl3): m/z 394.1553 [M + H]+ (calc. forC25H20N3O2+ 
394.1550). Anal. calcd. for C25H19N3O2·0.4 CHCl3: C, 69.15; H, 4.43; N, 9.52. Found: C, 69.40; 
H, 4.09; N, 10.07. 
 
2,2'-(4-(Pyren-1-yl)pyridine-2,6-diyl)bis(4,5-dihydrooxazole) (PyboxPyrene) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.2 g, 0.68 mmol, 
1.2 eq), pyrene-1-boronic acid (138 mg, 0.56 mmol, 1 eq), Pd(PPh3)4 (33 
mg, 5 mol%), and K3PO4 (0.60 g, 2.81 mmol, 5 eq) was degassed and 
backfilled with N2 three times. To this dry and degassed 
dimethylformamide (20 mL) was added. The resulting mixture was 
stirred at 100 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The solid residue was extracted with chloroform 
(3 x 50 mL) and filtered. The organic phase was washed with water (3 x 30 mL), dried over 
MgSO4 and filtered. The solvent was removed under reduced pressure. Recrystallization from 
absolute ethanol yielded the desired product as a yellow solid (79 mg, 0.19 mmol, 34%). 1H 
NMR (400 MHz, MeCN-d3): δ (ppm) = 4.09 (t, 4H, 3JHH = 9.47 Hz, CH2N), 4.54 (t, 4H, 3JHH = 
9.47 Hz, CH2O), 8.06 – 8.37 (m, 9H, AnthH), 8.38 (s, 2H, PyH). ES+ TOF HRMS (CHCl3): 
m/z 418.1561 [M + H]+ (calc. for C27H20N3O2+ 418.1550). Anal. calcd. for C27H19N3O2·1.1 






6.2.2 Synthesis of compounds from chapter 3 
 
1,4-Bis(2,6-bis(4,5-dihydrooxazol-2-yl)pyridin-4-yl)benzene (DitopicPyboxPh) 
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.5 g, 
1.69 mmol, 2.5 eq), 1,4-benzenediboronic acid bis(pinacol) 
ester (0.22 g, 0.68 mmol, 1 eq), Pd(PPh3)4 (31 mg, 4 mol%), 
and K3PO4 (0.72 g, 3.40 mmol, 5 eq) was degassed and 
backfilled with N2 three times. To this dry and degassed 
dimethylformamide (25 mL) was added. The resulting mixture was stirred at 100 °C for 48 
hours. After cooling to room temperature the solvent was removed under reduced pressure. The 
solid residue was extracted with chloroform (3 x 60 mL) and the combined organic phases were 
washed with water (3 x 50 mL), dried over Na2SO4 and filtered. Addition of ethyl ether (50 
vol%) led to precipitation of an off-white solid which was filtered off and washed with hexane, 
ethanol, and diethyl ether. After drying under vacuum the desired product was obtained as a 
white solid (0.35 g, 0.57 mmol, 83%).1H NMR (400 MHz, CDCl3): δ (ppm) = 4.59 (t, 8H, 3JHH 
= 9.35 Hz, CH2N), 4.17 (t, 8H, 3JHH = 9.35 Hz, CH2O), 7.91 (s, 4H, ArH), 8.48 (s, 4H, PyH). 
13C NMR (100 MHz, CDCl3): δ (ppm) = 55.22, 68.61, 123.28, 128.11, 138.01, 147.63, 148.91, 
163.74. ES+ TOF HRMS (CHCl3): m/z 509.1932 [M + H]+ (calc. for C28H25N6O4+ 509.1937). 
Anal. calcd. for C28H24N6O4·2 H2O: C, 61.76; H, 5.18; N, 15.43. Found: C, 61.44; H, 4.78; N, 
15.04. 
 
4,4'-Bis(2,6-bis(4,5-dihydrooxazol-2-yl)pyridin-4-yl)-1,1'-biphenyl (DitopicPyboxBiPh)  
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) 
(0.15 g, 0.51 mmol, 2.5 eq), 4,4’-biphenyldiboronic 
acid bis(pinacol) ester (82 mg, 0.20 mmol, 1 eq), 
Pd(PPh3)4 (10 mg, 5 mol%), and K3PO4 (0.17 g, 0.80 
mmol, 4 eq) was degassed and backfilled with N2 
three times. To this dry and degassed dimethylformamide (20 mL) was added. The resulting 
mixture was stirred at 100 °C for 48 hours. After cooling to room temperature the solvent was 
removed under reduced pressure. The solid residue was washed with absolute ethanol and 
diethyl ether. After drying under vacuum the desired product was obtained as an off-white solid 
(56 mg, 0.10 mmol, 47%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 4.17 (t, 8H, 3JHH = 9.22 Hz, 





3JHH = 7.88 Hz, ArH), 8.47 (s, 4H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) = 55.50, 68.85, 
123.47, 128.11, 128.29, 136.38, 141.83, 147.82, 149.72, 164.10. ES+ TOF HRMS (CHCl3): 
m/z 585.2254 [M + H]+ (calc. for C34H29N6O4+ 585.2245). Anal. calcd. for C34H28N6O4·2 H2O: 
C, 65.80; H, 5.20; N, 13.54. Found: C, 65.63; H, 4.88; N, 13.25. 
 
9,10-Bis(2,6-bis(4,5-dihydrooxazol-2-yl)pyridin-4-yl)anthracene (DitopicPyboxAnth)  
A mixture of 4-bromopyridine-2,6-bis(oxazoline) (9) (0.15 g, 
0.51 mmol, 2.5 eq), 9,10-anthracenediboronic acid 
bis(pinacol) ester (88 mg, 0.20 mmol, 1 eq), Pd(PPh3)4 (10 
mg, 5 mol%), and K3PO4 (0.22 g, 0.8 mmol, 4 eq) was 
degassed and backfilled with N2 three times. To this dry and 
degassed dimethylformamide (20 mL) was added. The resulting mixture was stirred at 100 °C 
for 48 hours. After cooling to room temperature the solvent was removed under reduced 
pressure. The solid residue was extracted with chloroform (3 x 50 mL) and the combined 
organic phases were washed with water (3 x 30 mL), dried over Na2SO4 and filtered. Removal 
of the solvent lead to a dark yellow solid which was washed with ethanol and diethyl ether. The 
desired product was obtained as a light yellow solid (22 mg, 0.04 mmol, 18%). 1H NMR (400 
MHz, CDCl3): δ (ppm) = 4.15 (t, 8H, 3JHH = 9.35 Hz, CH2N), 4.59 (t, 8H, 3JHH = 9.35 Hz, 
CH2O), 7.38 – 7.53 (m, 8H, AnthH), 8.30 (s, 4H, PyH). 13C NMR (100 MHz, CDCl3): δ (ppm) 
= 55.56, 68.91, 126.43, 126.77, 128.57, 129.27, 134.08, 147.72, 149.67, 163.90. ES+ TOF 




A mixture of 4-bromopyridine-2,6-bis(oxazoline) 
(9) (0.25 g, 0.84 mmol, 2.5 eq), 1,4-
diethynylbenzene (43 mg, 0.34 mmol, 1 eq), 
PdCl2(PPh3)2 (10 mg, 4 mol%), and CuI (5 mg, 8 
mol%) was degassed and backfilled with N2 three 
times. To this dry tetrahydrofuran (10 mL) and dry diisopropylamine (3 mL) were added. The 
resulting mixture was stirred at 80 °C for 48 hours. After cooling to room temperature the 
solvent was removed under reduced pressure. The resulting dark brown solid was purified by 





100 / 0, Rf = 0.66), giving the desired product as a light brown solid (26 mg, 0.05 mmol, 14 %). 
1H NMR (400 MHz, CDCl3): δ (ppm) =  4.15 (t, 8H, 3JHH = 9.64 Hz, CH2N), 4.56 (t, 8H, 3JHH 
= 9.64 Hz, CH2O), 7.55 (s, 4H, ArH), 8.24 (s, 4H, PyH). ES+ TOF HRMS (CHCl3): m/z 
557.1941 [M + H]+ (calc. for C32H25N6O4+ 557.1932). 
 
6.2.3 Synthesis of compounds from chapter 4 
 
(2E,2'E)-3,3'-(1,4-phenylene)bis(1-(pyridin-2-yl)prop-2-en-1-one) (18) 
The compound was synthesized according to a modified 
literature procedure.9 
Terephthalaldehyde (1.8 g, 13.42 mmol, 1 eq) was added 
to a mixture of potassium hydroxide (1.5 g, 26.84 mmol, 2 
eq) in water (10 mL) and methanol (250 mL). After complete dissolution, 2-acetylpyridine (3 
mL, 26.84 mmol, 2 eq) was added and a yellow precipitate occurred. The resulting suspension 
was left stirring for two days at room temperature. Afterwards the precipitate was filtered off, 
washed with methanol, and dried in air overnight. The desired product was obtained as a yellow 
solid (3.44 g, 10.11 mmol, 75%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.50 (dd, 2H, 3JHH = 
7.84, 4.58 Hz, N-CH=CH-CH=CH-C), 7.77 (s, 4H, PyH), 7.89 (dd, 2H, 3JHH = 7.90, 7.80 Hz, 
N-CH=CH-CH=CH-C), 7.93 (d, 2H, 3JHH = 16.05 Hz, OC-CH=CH), 8.20 (d, 2H, 3JHH = 7.86 
Hz, N-CH=CH-CH=CH-C), 8.35 (d, 2H, 3JHH = 16.11 Hz, OC-CH=CH), 8.75 (d, 2H, 3JHH = 
4.77 Hz, N-CH=CH-CH=CH-C). 13C NMR (100 MHz, CDCl3): δ (ppm) = 122.0, 123.12, 
127.14, 129.41, 137.21, 137.32, 143.72, 149.04, 154.24, 189.47. ES+ TOF HRMS (CHCl3): 
m/z 341.1308 [M + H]+ (calc. for C22H17N2O2+ 341.1290). 
 
1,4-Bis[1,5-dioxo-1,5-bis(2-pyridyl)pentan-3-yl]benzene (19) 
The compound was synthesized according to a modified 
literature procedure.9 
A mixture of (2E,2'E)-3,3'-(1,4-phenylene)bis(1-(pyridin-
2-yl)prop-2-en-1-one) (18) (3 g, 8.81 mmol, 1 eq), 2-
acetylpyridine (2.16 g, 9.39 mmol,  2.2 eq) and potassium 
hydroxide (1.09 g, 19.39 mmol, 2.2 eq) in water (10 mL) and ethanol (250 mL) was set to reflux 
overnight and allowed to cool to room temperature afterwards. The resulting dark red solution 





product as a white solid (3.39 g, 5.81 mmol, 66 %). 1H NMR (500 MHz, CDCl3): δ (ppm) = 
3.61 (d, 8H, 3JHH = 6.94 Hz, CH2), 4.09 (q, 2H, 3JHH = 7.01 Hz, Ph-CH-(CH2)2), 7.29 (s, 4H, 
PhH), 7.43 (dd, 4H, 3JHH = 7.41, 4.80 Hz, N-CH=CH-CH=CH-C), 7.79 (dd, 4H, 3JHH = 7.23, 
8.09 Hz, N-CH=CH-CH=CH-C), 7.94 (d, 4H, 3JHH = 8.01 Hz, N-CH=CH-CH=CH-C), 8.63 (d, 
4H, 3JHH = 4.79 Hz, N-CH=CH-CH=CH-C). ES+ TOF HRMS (CHCl3): m/z 583.2365 [M + 
H]+ (calc. for C36H31N4O4+ 583.2340). 
 
1,4-Bis(2,2’:6’,2’’-terpyridine-4’-yl)benzene (DitopicTerpyrinePh) 
The compound was synthesized according to a modified 
literature procedure.10 
A suspension of 1,4-bis[1,5-dioxo-1,5-bis(2-
pyridyl)pentan-3-yl]benzene (19) (1 g, 1.72 mmol) and 
ammonium acetate (5 g) in abs. ethanol (50 mL) was 
heated to reflux for 5 days and cooled to room temperature afterwards. The precipitate was 
filtered off and washed with ethanol to yield the desired product as an off-white solid (0.67 g, 
1.24 mmol, 72 %). The product was further purified by recrystallization from glacial acid which 
was repeated for five times. 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.38 (dd, 4H, 3JHH = 8.79, 
4.75 Hz, N-CH=CH-CH=CH-C), 7.90 (dd, 4H, 3JHH = 8.49, 7.92 Hz, N-CH=CH-CH=CH-C), 
8.07 (s, 4H, PhH), 8.69 (d, 4H, 3JHH = 7.97 Hz, N-CH=CH-CH=CH-C), 8.76 (d, 4H, 3JHH = 
4.69 Hz, N-CH=CH-CH=CH-C), 8.81 (s, 4H, Ph-PyH). ES+ TOF HRMS (CHCl3): m/z 
541.1641 [M + H]+ (calc. for C36H25N6+ 541.2136). Anal. calcd. for C36H24N6: C, 79.98; H, 















6.3 Instrumentation, ESI Ln(III) complex characterization and 




NMR titrations were performed on a Bruker 400 MHz spectrometer. High resolution mass 
spectra were recorded on a Shimdazu LCMS-IT-TOF Liquid Chromatograph Mass 
Spectrometer. Samples for mass spectra had a concentration of about 1 x 10-3 M and were 
filtered through a 0.2 µm syringe filter prior to injecting into the spectrometer. UV-vis 
absorption spectra were recorded using a Shimadzu UV-2501PC UV-VIS Recording 
Spectrophotometer. Steady-state emission spectra were recorded using Shimadzu RF-5301PC 
Spectrofluorophotometer. Emission spectra were corrected using a radiometric calibrated lamp, 
Ocean Optics HL-2000-CAL. Relative total Eu(III) emission quantum yields were calculated 











where ϕ is the emission quantum yield of the sample x/reference ref, n is the refractive index of 
the solvent (1.33 in water, 1.34 in acetonitrile), A is the absorbance at the excitation wavelength , 
and I is  the integrated intensity of the corrected emission. Cs3[Eu(dpa)3] (ϕref = 24.0%, A279 = 
0.2, 7.5 x 10-5 M) and Cs3[Tb(dpa)3] (ϕref = 22.0%, A279 = 0.18, 6.5 x 10-5 M) in Tris buffer (0.1 
M) were used as the reference.11,12 Cs3[Eu(dpa)3] and Cs3[Tb(dpa)3] were prepared from 2,6-
dipicolinic acid and Eu2O3 / Tb2O3 according to a previously established method.13 The 
excitation wavelength was set to 279 nm for all quantum yield measurements and it was always 
ensured that the absorbing/emitting species in solution exhibit a linear trend between the 
concentration and the integrated intensity of the emitted light. The intensity of the emitted light 
was integrated over all observable Eu(III) 5D0 → 7FJ (J = 0 – 4) and Tb(III) 5D4 → 7FJ (J = 2 – 
6) emission peaks. Time-resolved emission spectroscopy measurements were carried out using 
an Edinburgh Instruments flash-photolysis spectrometer LP920 equipped with an Edinburgh 
Instruments LP920-K PMT Detector and a time-gated Andor DH720 ICCD camera. Minimum 





nm using a 3rd or 4th harmonic of Nd-YAG laser of an Expla NT341A OPO laser system. 
Excitation pulse energy was about 1 mJ, pulse duration was about 7 ns, pulse repetition rate 
was 0.5 Hz when using the ICCD and 5 Hz when using the PMT detector. The laser beam 
diameter was about 5 mm. All emission measurements were performed using 0.2 cm path length 
quartz cuvettes. Emission signals were observed at 90⁰ with respect to the laser beam. 
Measurements at 77 K were performed using an Oxford Instruments DN2 optical cryostat with 
a Mercury iTC temperature controller. The cooling rate for a typical experiment was about 0.05 
K/sec. Unless otherwise stated, all photophysical measurements were performed in air. All 
Eu(III) and Tb(III) emission decay kinetics were fitted with the Edinburgh Instruments FLASH 
software. All data reported herein are the average of three independent measurements, each 
measurement was a result of averaging over 100 – 10000 laser pulses. The Ln(III) complexes 
in solution were prepared by mixing 1 eq of Ln(NO3)·5H2O (Ln = Eu, Tb, Gd) with 3 eq of 
ligand in acetonitrile. All samples were prepared in air and left to equilibrate for around one 
hour prior to the photophysical measurements. 
 
6.3.2 Characterization of Ln(III) complexes in solution by ESI 
 
Table 6.1: Found and expected ESI peaks of the Ln(III) complexes in acetonitrile. 
PyboxH 
Ln = Eu: m/z: 268.0562 [Eu(PyboxH)3]3+ (calc. 268.0588) 
 Tb: m/z: 270.0585 [Tb(PyboxH)3]3+ (calc. 270.0601) 
 Gd: m/z: 269.7259 [Gd(PyboxH)3]3+ (calc. 269.7265) 
PyboxPh 
Ln = Eu: m/z: 344.0872 [Eu(PyboxPh)3]3+ (calc. 344.0902) 
 Tb: m/z: 346.0883 [Tb(PyboxPh)3]3+ (calc. 346.0914) 
 Gd: m/z: 345.7571 [Gd(PyboxPh)3]3+ (calc. 345.7580) 
PyboxPy 
Ln = Eu: m/z: 345.0848 [Eu(PyboxPy)3]3+ (calc. 345.0854) 
 Tb: m/z: 347.0850 [Tb(PyboxPy)3]3+ (calc. 347.0866) 









Ln = Eu: m/z: 334.0660 [Eu(PyboxFur)3]3+ (calc. 334.0694) 
 Tb: m/z: 336.0685 [Tb(PyboxFur)3]3+ (calc. 336.0706) 
 Gd: m/z: 335.7352 [Gd(PyboxFur)3]3+ (calc. 335.7372) 
Pybox3Th 
Ln = Eu: m/z: 350.0457 [Eu(Pybox3Th)3]3+ (calc. 350.0464) 
 Tb: m/z: 352.0454 [Tb(Pybox3Th)3]3+ (calc. 352.0478) 
 Gd: m/z: 351.7136 [Gd(Pybox3Th)3]3+ (calc. 351.7142) 
Pybox2Th 
Ln = Eu: m/z: 350.0445 [Eu(Pybox2Th)3]3+ (calc. 350.0464) 
 Tb: m/z: 352.0436 [Tb(Pybox2Th)3]3+ (calc. 352.0478) 
 Gd: m/z: 351.7124 [Gd(Pybox2Th)3]3+ (calc. 351.7142) 
PyboxCF3 
Ln = Eu: m/z: 412.0733 [Eu(PyboxCF3)3]3+ (calc. 412.0776) 
 Tb: m/z: 414.0750 [Tb(Pybox CF3)3]3+ (calc. 414.0787) 
 Gd: m/z: 413.7407 [Gd(Pybox CF3)3]3+ (calc. 413.7454) 
PyboxSMe 
Ln = Eu: m/z: 390.0754 [Eu(PyboxSMe)3]3+ (calc. 390.0777) 
 Tb: m/z: 392.0764 [Tb(PyboxSMe)3]3+ (calc. 392.0791) 
 Gd: m/z: 391.7439 [Gd(PyboxSMe)3]3+ (calc. 391.7455) 
PyboxOMe 
Ln = Eu: m/z: 374.1002 [Eu(PyboxOMe)3]3+ (calc. 374.1008) 
 Tb: m/z: 376.0990 [Tb(PyboxOMe)3]3+ (calc. 376.1019) 
 Gd: m/z: 375.7656 [Gd(PyboxOMe)3]3+ (calc. 375.7686) 
PyboxTol 
Ln = Eu: m/z: 358.1050 [Eu(PyboxTol)3]3+ (calc. 358.1059) 
 Tb: m/z: 360.1063 [Tb(PyboxTol)3]3+ (calc. 360.1070) 
 Gd: m/z: 359.7719 [Gd(PyboxTol)3]3+ (calc. 359.7737) 
PyboxMes 
Ln = Eu: m/z: 386.1341 [Eu(PyboxMes)3]3+ (calc. 386.1372) 
 Tb: m/z: 388.1363 [Tb(PyboxMes)3]3+ (calc. 388.1383) 







Ln = Eu: m/z: 404.1080 [Eu(Pybox26OMe)3]3+ (calc. 404.1114) 
 Tb: m/z: 406.1097 [Tb(Pybox26OMe)3]3+ (calc. 406.1125) 
 Gd: m/z: 405.7782 [Gd(Pybox26OMe)3]3+ (calc. 405.7792) 
PyboxBiPh 
Ln = Eu: m/z: 420.1209 [Eu(PyboxBiPh)3]3+ (calc. 420.1216) 
 Tb: m/z: 422.1213 [Tb(PyboxBiPh)3]3+ (calc. 422.1227) 
 Gd: m/z: 421.7854 [Gd(PyboxBiPh)3]3+ (calc. 421.7894) 
PyboxNaph 
Ln = Eu: m/z: 394.1041 [Eu(PyboxNaph)3]3+ (calc. 394.1059) 
 Tb: m/z: 396.1029 [Tb(PyboxNaph)3]3+ (calc. 396.1070) 
 Gd: m/z: 395.7701 [Gd(PyboxNaph)3]3+ (calc. 395.7737) 
PyboxAnth 
Ln = Eu: m/z: 444.1201 [Eu(PyboxAnth)3]3+ (calc. 444.1217) 
 Tb: m/z: 446.1221 [Tb(PyboxAnth)3]3+ (calc. 446.1227) 
 Gd: m/z: 445.7866 [Gd(PyboxAnth)3]3+ (calc. 445.7895) 
PyboxPyrene 
Ln = Eu: m/z: 468.1188 [Eu(PyboxPyrene)3]3+ (calc. 468.1217) 
 Tb: m/z: 470.1218 [Tb(PyboxPyrene)3]3+ (calc. 470.1227) 
 Gd: m/z: 469.7889 [Gd(PyboxPyrene)3]3+ (calc. 469.7895) 
 




NMR titrations were performed on a Bruker 400 MHz spectrometer. DOSY NMR spectra were 
recorded on a Bruker 500 MHz spectrometer. SEM images were obtained on a JEOL FESEM 
JSM6700F instrument with an accelerating voltage of 15 kV using an in-lens detector at a 
working distance of 7 mm. Elemental analysis was performed by X-ray photoelectron 
spectroscopy on a Thermo Fischer Scientific Theta Probe XPS with an Al K alpha 
monochromatic X-ray source with survey scan pass energy of 200 eV and high resolution scan 
pass energy of 40 eV. UV-vis absorption spectra were recorded using a Shimadzu UV-2501PC 





Shimadzu RF-5301PC Spectrofluorophotometer. Emission spectra were corrected using a 
radiometric calibrated lamp, Ocean Optics HL-2000-CAL. Relative total Eu(III) emission 
quantum yields were calculated from steady state emission/absorption spectra using Equation 
6.1.11 Cs3[Eu(dpa)3] (ϕref = 24.0%, A279 = 0.2, 7.5 x 10-5 M) in Tris buffer (0.1 M) was used as 
the reference.11,12 Cs3[Eu(dpa)3] was prepared from 2,6-dipicolinic acid and Eu2O3 according 
to a previously established method.13 The excitation wavelength was set to 279 nm for all 
quantum yield measurements and it was always ensured that the absorbing/emitting species in 
solution exhibit a linear trend between the concentration and the integrated intensity of the 
emitted light. The intensity of the emitted light was integrated over all observable Eu(III) 5D0 
→ 7FJ (J = 0 – 4) emission peaks. Time-resolved emission spectroscopy measurements were 
carried out using an Edinburgh Instruments flash-photolysis spectrometer LP920 equipped with 
an Edinburgh Instruments LP920-K PMT Detector and a time-gated Andor DH720 ICCD 
camera. Maximum resolution of the setup is 10 ns. Samples were excited at 355 nm using a 3rd 
harmonic of Nd-YAG laser of an Expla NT341A OPO laser system. Excitation pulse energy 
was about 1 mJ with a beam diameter of about 5 mm. Emission signals were observed at 90⁰ 
with respect to the laser beam. For transient absorption measurements, the probe beam of a 
pulsed Xe lamp of the system was perpendicular to the excitation laser beam. Measurements at 
77 K were performed using an Oxford Instruments DN2 optical cryostat with a Mercury iTC 
temperature controller. The cooling rate for a typical experiment was about 0.05 K/sec. Unless 
otherwise stated, all photophysical measurements were performed in air. All spectra were 
recorded using 0.2 cm path length quartz cuvettes. All Eu(III) emission decay kinetics were 
recorded at 615 nm and fitted with the Edinburgh Instruments FLASH software. All data 
reported herein are the average of three independent measurements.  
 
6.4.2 Preparation of soluble lanthanide coordination networks 
 
Stock solutions of the ligand DitopicPyboxPh were prepared in chloroform and sonicated for 
30 min to obtain a clear solution. Stock solution of Eu(NO3)·5H2O were prepared in an 
acetonitrile / chloroform mixture. The correct metal ion concentration of the Eu(III) stock 
solution was assured by titration with EDTA and xylenol orange as the indicator. The Eu(III) 
stock solutions were diluted to a concentration of around 5 x 10-5 M. To that the ligand stock 
was slowly added in ratios of 0.25 eq up to 4.0 eq dropwise to avoid the formation of insoluble 





chloroform was in an equal volume ratio of 1:1. Both, the initial stock solutions and the final 
samples were prepared in a glovebox under a controlled atmosphere. All samples were left to 
equilibrate for 12 hours prior to the photophysical measurements. The samples in methanol and 
deuterated methanol were prepared according to the same procedure by replacing acetonitrile 
as solvent.  
 
6.4.3 Spectrophotometric titrations 
 
NMR titrations were performed in a mixture of deuterated methanol and deuterated chloroform. 
Due to the prominent water peak all spectra were shimmed for acetonitrile as the solvent. For 
the titration a stock solution of La(CF3SO3)3 was prepared in a 1:1 (v:v) mixture of deuterated 
acetonitrile and deuterated chloroform and diluted to an approximate concentration of 3 x 10-6 
M. To 2 mL of that solution a ligand stock solution in deuterated chloroform was added 
stepwise in amounts of 0.25 eq. To avoid significant differences in the concentration of the 
samples, the amount of ligand solution added was set to 4 µL. After each addition the sample 
was allowed to equilibrate for 15 min. Dynamic photophysical titrations were performed by 
replacing Eu(III) with either Tb(III) or Sm(III). For that, to 2 mL of the sample in a ligand to 
metal ratio of 1.5:1 was added a Tb(III) or Sm(III) stock solution in equal amounts of 0.1 eq. 
Prior to each photophysical measurements the samples were allowed to equilibrate for 15 min. 
To avoid differences in the concentration of the sample the volume of metal solution added was 










Thermogravimetic analysis was carried out on a TGA Q500 (TA Instruments) using an alumina 
sample pan. The quantity per sample for a typical experiment was around 10 mg. The 
experiments were performed under nitrogen gas with a flow rate of 60 ml/min. Samples were 
heated up from room temperature to 800 oC with a ramp rate of 10 oC/min. Elemental analysis 
was performed by X-ray photoelectron spectroscopy on a Thermo Fischer Scientific Theta 
Probe XPS with an Al K alpha monochromatic X-ray source with survey scan pass energy of 
200 eV and high resolution scan pass energy of 40 eV.  Microscope slides (Sail Brand Cat. No. 
7101) were cut to an approximate size of 1x1 inch and were sonicated in soap (Hellmanex II), 
DI water, acetone, methanol, iso-propanol (20 min each) and dried at 100 oC overnight. Prior 
to spin-coating the glass slides were further treated under a Novascan PSD-UVT UV Ozone 
cleaner for 15 min at room temperature. Spin-coated samples were prepared using a Headway 
Research Inc. spin coater (model PWM32). Typical spin coating parameters were set to a speed 
of 4000 rpm, speed ramp of 1000 rpm/sec and time of 50 sec. SEM images were obtained on a 
JEOL FESEM JSM6700F instrument with an accelerating voltage of 15 kV using an in-lens 
detector at a working distance of 7 mm. EDX maps were obtained on JEOL FEG-SEM JSM-
7600F equipped with an Oxford Aztec Energy System. Samples for SEM were sputtered with 
gold using a JEOL JFC-1200 Fine Coater. A typical sputtering time for the coating was about 
50 sec per sample. Europium emission microscope images were taken using a wide-field 
fluorescence microscope consisting of an inverted Nikon Eclipse Ti microscope equipped with 
an Andor Shamrock spectrograph and Andor Newton ICCD camera. A Xe lamp with a set of 
appropriate optical band-pass filters was used as excitation source (λex = 330 – 380 nm). Optical 
microscope images were taken in transmission mode using a Xe lamp as a light source, dark 
field condenser and an Andor IXONt camera (40x objective). Time-resolved emission 
spectroscopy measurements were carried out using an Edinburgh Instruments flash-photolysis 
spectrometer LP920 equipped with an Edinburgh Instruments LP920-K PMT detector and a 
time-gated Andor DH720 ICCD camera. The maximum time resolution of the setup was 10 ns. 
Samples were excited at 355 nm using a 3rd harmonic of Nd-YAG laser of an Expla NT341A 
OPO laser system. The excitation pulse energy was about 1 mJ, within a beam diameter of 





cryostat with a Mercury iTC temperature controller. The cooling rate for a typical experiment 
was about 0.05 K/sec. The relative quantum yields for all samples in the solid state were 
measured using an integrating sphere following a modified literature procedure.14 The samples 
were positioned in the centre of the integrating sphere (6 inch diameter, Labsphere) equipped 
with an Ocean Optics USB4000 CCD array spectrometer as a detector. Samples were excited 
at 355 nm using a 20 mW cw diode laser. A 405 nm long pass filter was placed in front of the 
spectrometer entrance to suppress the signal from the excitation light. Absorbance at the 
excitation wavelength was calculated as A = (1 - S2/S1), where S2 is the intensity of the light at 
the laser wavelength measured by the spectrometer when the sample is in the laser beam path 
in the integrating sphere and S1 is the intensity of the light at the laser wavelength when the 
sample is out of the laser beam path. Emission intensity was calculated as I = (I2 – (1 - A)I1), 
where I2 is the integrated corrected emission signal when the sample is in the laser beam path 
in the integrating sphere and I1 is the integrated corrected emission signal when the sample is 
out of the laser beam path. Spectral response of the spectrometer was corrected using a 
radiometric calibrated lamp, Ocean Optics HL-2000-CAL. Relative quantum yields were 







where ϕ is the emission quantum yield of the sample x/reference ref, A is the absorptance at the 
excitation wavelength , and I is the integrated intensity of the corrected emission calculated as 
above. Sodium salicylate (Φref = 60% for excitation wavelengths between 220 – 380 nm) was 
used as a reference.15 Samples obtained in a ligand to metal ratio of 2:1 were tested for wave-
guiding properties using a Witec alpha 300R Raman microscope with a CCD camera mounted 
onto the eyepiece. A DPSS CW-355 nm laser light was coupled into the microscope using a 
single mode optical fibre and focused onto the sample using a 40x (Nikon S Plan Fluor, 0.6 
N.A) objective. Images of Eu(III) emission were taken using a 355 nm cut-off edge long-pass 









6.5.2 Preparation of metallo-supramolecular polymers 
 
For the preparation of the metallo-supramolecular polymers in a ligand to metal ratio of 1:1, 
Eu(NO3)3·5H2O (0.1 mmol) was dissolved in a mixture of acetonitrile and chloroform (v:v / 
1:1, 200 mL in total). DitopicTerpyridinePh (0.1 mmol) in chloroform (100 mL) was 
sonicated until complete dissolution. The resulting solution was added dropwise under vigorous 
stirring to the solution of Eu(NO3)3 at room temperature. After complete addition the resulting 
solution was allowed to evaporate slowly under an atmosphere of nitrogen. After several hours 
an off-white precipitate appeared which was filtered off and washed several times with 
chloroform and acetonitrile. The resulting powder was dried under vacuum overnight. For the 
metallo-supramolecular polymers in a ligand to metal ratio of 2:1 and 3:1, the amount of ligand 
added was adjusted to 0.2 mmol and 0.3 mmol respectively while the other parameters remained 
constant. The obtained yields were 92% (ligand to metal ratio 1:1), 81% (ligand to metal ratio 
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Appendix for Chapter 2 
 
 
Figure A2.1: Time-gated emission spectra of the substituted pybox ligand Eu(III) complexes 




Figure A2.2: Examples of 5D0 → 7FJ emission decay curves of substituted pybox ligand 








Figure A2.3: Examples of 5D0 → 7F2 emission rise curves of substituted pybox ligand Eu(III) 
complexes in acetonitrile. 
 
 
Figure A2.4: Examples of 5D4 → 7FJ emission decay curves of substituted pybox ligand 











Table A2.1: Emission decay times of the remaining substituted pybox Eu(III) complexes 
measured in acetonitrile, methanol, and deuterated methanol as well as the calculated number 










PyboxCF3 1.95 ± 0.16 1.21 ± 0.23 1.72 ± 0.11 0.51 
PyboxSMe n.a. n.a. n.a. n.a. 
PyboxOMe 1.51 ± 0.08 0.89 ± 0.09 1.09 ± 0.06 0.43 
PyboxTol 1.92 ± 0.18 1.11 ± 0.12 1.62 ± 0.18 0.60 
PyboxMes 2.03 ± 0.25 1.31 ± 0.20 2.24 ± 0.25 0.67 
Pybox26OMe 1.85 ± 0.14 0.98 ± 0.13 1.38 ± 0.12 0.62 
PyboxBiPh 1.60 ± 0.21 0.78 ± 0.10 1.06 ± 0.08 0.71 
PyboxNaph  τ1: 
PyboxNaph  τ2: 
0.72 ± 0.06 (68%) 
0.14 ± 0.03 (32%) 
0.49 ± 0.07 (24%) 
0.34 ± 0.08 (76%) 
0.89 ± 0.11 (16%) 
0.42 ± 0.05 (84%) 
1.93(c) 
PyboxAnth n.a. n.a. n.a. n.a. 
PyboxPyrene n.a. n.a. n.a. n.a. 
(a)Measured as the emission decay time of the Eu(III) 5D0 → 7F2 transition located at 616 nm. (b)Calculated using 
Horrock’s equation. (c)Longer Lifetimes were used for calculation. 
 
Table A2.2: Relative and intrinsic quantum yield, radiative lifetime, and sensitization 
efficiency for the remaining substituted pybox ligand Eu(III) complexes. 











PyboxCF3 4781 37.8 ± 0.7 3.17 ± 0.53 61.5 61.4 
PyboxSMe 654 n.a. n.a. n.a. n.a. 
PyboxOMe 2754 25.8 ± 1.6 3.91 ± 0.43 38.6 66.8 
PyboxTol 3420 38.4 ± 4.7 4.90 ± 0.33 39.2 98.0 
PyboxMes 4643 34.1 ± 5.2 3.75 ± 0.18 54.1 63.0 
Pybox26OMe 3881 14.1 ± 0.7 3.96 ± 0.27 46.7 30.2 
PyboxBiPh 1777 18.7 ± 3.8 3.97 ± 0.38 40.3 46.4 
PyboxNaph 943 16.4 ± 2.3 3.70 ± 0.10 19.5 84.2 
(a)Energy difference between the ligand triplet state and the Eu(III) 5D1 state located at 17261 cm-1 (b)Relative 






Table A2.3: Eu(III) 5D1 – 7FJ (J = 1 – 3) emission decay times, 5D0 – 7F2 emission rise times in 
the early emission stage and relative population of the 5D0 state by the 5D1 state of the remaining 
substituted pybox Eu(III) complexes measured in acetonitrile. 
Ligand 
∆ Ligand 3T – 
Eu(III) 5D1 
(cm-1)(a) 
τ 5D1 → 7FJ 
(ns)(b) 
τ 5D1 → 7F2 
(ns)(c) 
5D1 – 5D0  
population 
(%)(d) 
PyboxCF3 3022 740 ± 45 728 ± 12 73 
PyboxSMe -1105 n.a. n.a. n.a. 
PyboxOMe 995 583 ± 32 596 ± 26 62 
PyboxTol 1661 708 ± 55 703 ± 32 70 
PyboxMes 2884 729 ± 49 778 ± 41 67 
Pybox26OMe 2122 769 ± 32 779 ± 24 72 
PyboxBiPh 18 389 ± 28 384 ± 22 56 
PyboxNaph -816 n.a. 78 ± 12 28 
PyboxAnth 5144 n.a. n.a. n.a. 
PyboxPyrene -4271 n.a. n.a. n.a. 
(a)Energy difference between the ligand triplet state and the Eu(III) 5D1 state located at 19020 cm-1 (b)Excited 
state lifetimes of the 5D1 → 7FJ (J = 1 – 3) transitions measured with a delay of 100 ns and gate width of 10 µs. 
(c)Signal rise times fitted from the overall 5D0 → 7F2 emission decay curves between 0 and 5 µs. (d)Calculated 








Appendix for Chapter 3 
 
Table A3.1: Absorption maxima, absorption onset, singlet state energies and steady-state 
emission intensity ratios from the DitopicPyboxPh Eu(III)-containing coordination polymers 



















0.25 : 1 320 319 346 28902 3.7 
0.5 : 1 321 324 349 28653 3.3 
0.75 : 1 323 324 353 28329 2.9 
1 : 1 322 327 355 28169 2.8 
1.25 : 1 322 326 356 28090 2.7 
1.5 : 1 322 328 356 28090 2.7 
1.75 : 1 320 326 356 28090 2.5 
2 : 1 317 329 356 28090 2.6 
2.25 : 1 315 328 356 28090 2.6 
2.5 : 1 313 327 356 28090 2.5 
2.75 : 1 310 327 356 28090 2.5 
3 : 1 307 328 356 28090 2.7 
Ligand 295 / 334 29940 / 
(a)Measured at λex = 615 nm. (b)Calculated at an absorption intensity of 0.02. (c)Calculated from the absorption 














Table A3.2: Absorption maxima, absorption onset, singlet state energies and steady-state 
emission intensity ratios from the DitopicPyboxBiPh Eu(III)-containing coordination 
polymers in different ligand to metal ratios (comparable data for the uncoordinated ligand are 















0.25 : 1 332 379 26385 4.0 
0.5 : 1 334 384 26042 3.9 
0.75 : 1 338 390 25641 3.3 
1 : 1 340 394 25381 2.9 
1.25 : 1 342 395 25316 2.8 
1.5 : 1 342 395 25316 2.7 
1.75 : 1 339 395 25316 2.7 
2 : 1 336 395 25316 2.8 
2.25 : 1 333 395 25316 2.8 
2.5 : 1 330 395 25316 2.7 
2.75 : 1 327 395 25316 2.7 
3 : 1 324 395 25316 2.7 
Ligand 315 359 27855 / 
(a)Calculated at an absorption intensity of 0.02. (b)Calculated from the absorption onset. (c)Intensity ratio (R) of 









Figure A3.1: ESI spectrum in a chloroform/acetonitrile (1/1, v/v) solution of the Eu(III)-
containing DitopicPyboxPh coordination polymers in a ligand to metal ratio of 1.5:1. 
 
 
Figure A3.2: Representative examples of 5D0 → 7FJ emission decay curves measured in 









Figure A3.3: Examples of normalized 5D0 → 7F2 emission rise curves measured in 
acetonitrile for the Eu(III)-containing coordination polymers of the ligand DitopicPyboxPh. 
 
 
Figure A3.4: Solution concentration dependency of the 5D0 – 7F2 / 5D0 – 7F1 emission 
intensity ratios (R) and Eu(III) lifetimes of the DitopicPyboxPh Eu(III) sample (initial 







Figure A3.5: Job’s plot from UV-vis absorption measurements at different proportions of 
DitopicPyboxBiPh and Eu(III) metal ions at a constant concentration of 3 x 10-4 mol/L and a 
wavelength of 375 nm. 
 
 
Figure A3.6: Excitation spectra λex = 615 nm of solutions containing Eu(NO3)3 and 
DitopicPyboxBiPh in chloroform / acetonitrile (v:v / 1:1) in different ligand to metal ratios, 







Figure A3.7: Comparison of the intensity ratios (R) of the 5D0 → 7F2 and 5D0 → 7F1 Eu(III) 
transitions for different ligand concentrations for DitopicPyboxBiPh. 
 
Figure A3.8: Representative examples of 5D0 → 7FJ emission decay curves measured in 








Figure A3.9: Examples of normalized 5D0 → 7F2 emission rise curves measured in 




Figure A3.10: Comparison of the 5D0 → 7F2 emission rise times measured at 295 K and 77 K 
for the Eu(III)- containing coordination polymers of DitopicPyboxBiPh in a ligand to metal 









Figure A3.11: Absorption and emission spectra of the DitopicPyboxBiPh Gd(III) sample in 
a ligand to metal ratio of 1.5:1 (left) and fluorescence spectra of the other samples in different 
ligand to metal ratios (right). 
 
Figure A3.12: Changes of the 5D0 → 7F2 and 5D0 → 7F1 Eu(III) intensity ratios during 
titrations with Tb(III) and Sm(III) (left), changes of Eu(III) excited state lifetimes during 









Figure A3.13: Time-gated emission spectra of a mixed Eu(III) and Sm(III) DitopicPyboxPh 
coordination network in a 1 : 1.5 / Eu(III) : Sm(III) ratio measured between 1 µs and 100 µs 
(λex = 355 nm, band with 2 nm). 
 
